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Abstract 
 
The generation of hydrogen by electrochemical water splitting is a potential route to store energy from 
intermittent renewable energy sources such as solar or wind. However, the development of efficient and cost-
effective water splitting technologies is limited by the sluggish kinetics of the anodic reaction, oxygen 
evolution reaction (OER; 4OH- → O2 + 2H2O + 4e- in alkali or 2H2O → O2 + 4H+ + 4e- in acid), which can be 
slow even when state-of-the-art noble metal catalysts such as iridium oxide (IrO2) and ruthenium oxide (RuO2) 
are applied. This research aims to develop economical, endurable and efficient OER catalysts operated at room 
temperature. 
 The first strategy investigated in this thesis (Chapter 4) is to prepare porous Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF) perovskites via a novel in-situ tetraethoxysilane (TEOS)-templating method. The TEOS formed 
amorphous silica nanoparticles in a homogenous gel with the BSCF precursor and, when the silica was 
removed from the calcined BSCF, this template left 3–10 nm wide mesopores in the perovskite. The highest 
surface area BSCF exhibited a mass-normalized OER activity (35.2 A g-1 @ η= 0.4 V) 5.3 times greater than 
the nonporous BSCF prepared by conventional synthesis. The mass-normalized activities of the porous BSCFs 
reported here are comparable with the most active noble metal oxide catalysts. 
The second study (Chapter 5) aims to develop an evaporation-induced precipitation (EIP) process to 
synthesise amorphous basic nickel carbonate particles for OER at a temperature as low as 60 °C. The 
amorphous structure can be tuned by simply adjusting the H2O/Ni ratio in the precursor mixture. The basic 
nickel carbonate catalysts, which are featured by highly amorphous and hierarchical structures, achieve a mass 
activity of 51.1 A g−1 at a low overpotential of 0.35 V and a small Tafel slope of 60 mV dec−1, comparing 
favourably to state-of-the-art RuO2 catalysts. No activity loss was observed during a chronoamperometry test 
during 10 000 s, indicating outstanding stability under harsh OER conditions. By comparing its performance 
to conventional crystalline β-Ni(OH)2 and NiOx synthesized by a similar system, we experimentally 
demonstrate that high OER activities can be achieved with amorphous phases. These results highlighted 
amorphous catalysts as competitive candidates against crystalline catalysts for water oxidation. 
 The third study (Chapter 6) aims to fabricate boron-doped Ni/Fe nano-chains using a magnetic-field-
assisted chemical reduction method. Importantly, the synthesis can be performed via a one-step process at 
room temperature. Boron effectively reduced the magnetic moment of the product, resulting in a high specific 
surface area of 73.4 m2 g-1. The B-doped Fe/Ni nano-chain also exhibited highly amorphous structure and 
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uniform elemental distribution that are favourable for OER catalysis, leading to a nearly two-magnitude (91.4 
times) activity increase from pure FCC Ni nano-chain. The current density of B-doped Fe/Ni nano-chain 
catalysts compared favourably to the state-of-the-art OER catalysts, BSCF perovskite and Ru(IV) oxide, 
identifying amorphous metal borides as promising OER catalysts. 
 The forth study (Chapter 7) aims to prepare a series of amorphous metal borides as OER catalysts by 
a chemical reduction method. The amorphous borides catalysts are featured by their large specific surface areas 
and electron-enriched transition-metal sites, and compared favourably against the corresponding crystalline 
metal oxides, namely spinel, LDH and perovskite, which have been reported as promising structures for OER. 
More importantly, three amorphous samples, Co1Fe2-AMOR, Co3Fe1-AMOR and Ni3Fe1-AMOR exhibited 
outstanding OER activities, which transcended that of the state-of-the-art RuO2 catalysts. This indicates that 
efficient OER catalysts can be developed by using chemical reduction method. The homogeneous and strictly 
controlled elemental distributions of the amorphous borides were justified by further research into the synthesis 
of quaternary samples (Ba-Sr-Co-Fe and La-Sr-Co-Fe). 
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Chapter 1 
Introduction 
 
 
 
 
 
1.1 Significance of the project 
The oxygen evolution reaction (OER) when coupled with the hydrogen reduction reaction (HER) 
provides a viable route to split water electrochemically to produce hydrogen fuel for the storage of 
intermittent renewable energy sources such as solar or wind.[1] However, due to the sluggish kinetics 
caused by the four-electron transfer (OER: 4OH- → O2 + 2H2O + 4e- in alkali or 2H2O → O2 + 
4H+ + 4e- in acid), OER requires an overpotential in substantial excess of its thermodynamic potential 
(1.23 V vs RHE) even when a noble metal catalysts such as IrO2 and RuO2 is used. Thus, the kinetics 
of OER are one factor that restricts the development of efficient water splitting technologies for 
energy storage. 
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With enormous research efforts devoted to seeking efficient and cost-effective OER catalysts, 
3d-orbital transition metal based catalysts have been identified as promising candidates as alternatives 
to noble metal catalysts. Numerous 3d-metal based catalysts with promising OER activity have been 
reported, including simple [2-9] and mixed-metal oxides (hydroxides),[10-15] chalcogenides,[16, 17] 
phosphates,[18, 19] borates,[20] perovskites,[21] and molecular catalysts.[22, 23] Since OER 
activities are significantly affected by the strength of the M−O bond (where M= 3d-orbital transition 
metal), previous studies mainly focused on the development of the catalysts with crystalline structures 
to achieve a M-O bond strength which cannot be too strong or too weak.[24] More importantly, it is 
reported recently that crystalline catalysts undergo amorphisation with highly active metal 
oxyhydroxide phase evolving on the catalyst surface under the anodic conditions of OER. This 
finding has attracted research efforts to develop facile methods to fabricate amorphous metal catalysts 
for OER. 
A variety of approaches have been successfully applied to synthesise amorphous OER catalysts, 
such as photochemical decomposition,[25, 26] electrochemical deposition[27] and chemical 
reduction methods.[28] Using these methods the elemental compositions of the amorphous catalysts 
can be controlled precisely, which makes it feasible to further improve the catalytic performance by 
simply doping various elements such as Al and Ce. The amorphous catalysts with optimized 
elemental compositions exhibited outstanding OER activities comparable to noble metal oxides 
catalysts, which makes them competitive candidates against currently extensively-studied crystalline 
catalysts for water oxidation.[25-28] Therefore, it is highly desirable to develop novel approaches to 
prepare amorphous metal materials for water oxidation, and make a systematic comparison between 
these amorphous catalysts and the current benchmarking OER catalysts with crystalline structures.  
Furthermore, since the active phases evolve in-situ on the surface of the catalysts during OER 
process, the identification of the active sites can be quite challenging due to the lack of in-situ 
characterization technologies. Therefore, it requires careful experimental design and data analysis to 
elucidate the catalytic route of the amorphous catalysts for OER. This will help to point out the right 
direction to construct next-generation OER catalysts.  
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1.2 Research Objectives 
This project aims to design and synthesize novel structured amorphous catalysts for efficient 
water oxidation through the following objectives: 
1. Improve the performance of perovskite OER catalysts by introducing pore systems into 
the bulk phase using an in-situ tetraethoxylsilane-templated method. (Chapter 4) 
2. Make systematic comparisons between crystalline metal oxides and amorphous metal 
oxides or borides as OER catalysts. This comparison will help to understand the active 
sites evolved from amorphous structures during the catalytic process. (Chapters 5 and 7) 
3. Develop low-temperature (0-60oC) synthesis approaches, such as evaporation-induced 
precipitation and chemical reduction methods, to fabricate novel-structured amorphous 
catalysts using standard laboratory equipment consuming less energy and time. (Chapters 
5, 6 and 7) 
4. Elucidate the catalytic mechanism of amorphous catalysts and develop general synthesis 
methods that can be widely used to prepare amorphous OER catalysts. (Chapters 6 and 7) 
 
1.3 Thesis outline 
 This thesis contains eight chapters presented in the following sequences: 
Chapter 1 Introduction: This chapter introduces the significances of the project and 
summarizes the main research objectives. 
Chapter 2   State of Art in Water Splitting Technologies: This chapter presents an overview 
on the development of novel electrode materials for OER. 
Chapter 3 Experimental: This chapter describes the characterization techniques, 
configuration of electrochemical devices, and the oxygen evolution performance measurement 
methods used in the experiments. 
Chapter 4 In Situ Tetraethoxylsilane-Templated Porous Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
Perovskite for the Oxygen Evolution Reaction: This chapter introduces a novel synthesis method 
of porous Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite using tetraethoxylsilane as an in-situ template to improve 
the catalytic performance of the current benchmarking OER catalysts with crystalline structures. 
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Chapter 5 Low-Temperature Synthesis of Hierarchical Amorphous Basic Nickel 
Carbonate Particles for Water Oxidation Catalysis: This chapter reports a low-temperature 
synthesis strategy to produce efficient water oxidation catalysts by using hierarchical amorphous 
basic nickel carbonates particles as a novel electrode material. Amorphous and crystalline catalysts 
based on Ni were compared in this chapter, highlighting the outstanding catalytic performance of 
amorphous materials as OER catalysts. 
Chapter 6 A Facile Method to Synthesize Boron-doped Ni/Fe Alloy Nano-chains as 
Electrocatalyst for Water Oxidation: This chapter reports boron-doped Ni/Fe nanochains prepared 
by magnetic-field-assisted chemical reduction method for water oxidation, identifying amorphous 
borides as promising OER catalysts. 
Chapter 7 Efficient water oxidation with amorphous transition metal boride catalysts 
synthesized by chemical reduction of metal nitrate salts at room temperature: This chapter 
proposes chemical reduction method to synthesize a series of amorphous metal borides catalysts with 
controlled elemental compositions as highly active OER catalysts. 
Chapter 8 Conclusions and recommendations for future work: This chapter is a summary 
of the thesis with recommendations for the future work. 
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Chapter 2 
State of Art in Water Splitting 
Technologies 
 
 
 
 
 
      This chapter introduces various strategies to store solar energy as chemical fuels and general 
considerations of water splitting. The cathode materials are briefly discussed, and the anode catalysts 
for oxygen evolution reaction (OER) are reviewed in detail. 
 
2.1 Solar fuels in nature 
Solar energy can be stored in the forms of energy-rich chemical fuels. These fuels achieve 
high energy densities through storage of electrons in the small volume of a two-electron bond between 
light elements (i.e., C-H, N-H, H-H bonds).[1] Hydrogen (H2), with the highest mass-specific energy 
density, has been regarded as a promising vector for energy storage.[2, 3] 
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Photosynthesis has produced most of the energy that sustains life on our planet. It does so by 
storing solar energy in the rearranged bonds of water and carbon dioxide to oxygen and carbohydrate. 
The reversible potential for carbohydrate production from water and CO2 is, 
  (Equation 2-1) 
which subsumes the step of water splitting, 
   (Equation 2-2) 
Therefore, on an electron equivalency basis, the production of carbohydrate stores only 0.01 eV more 
energy than water splitting. From the view of energetics, it is water splitting instead of the production 
of carbohydrate that is at the heart of solar energy storage. The carbohydrate is nature’s method of 
storing the hydrogen released by water splitting reaction.   
 
2.2 Artificial photosynthesis 
 The first step of water splitting, which is known as the OER, is the most difficult, because four 
O-H bonds of two water molecules must be broken to form a O=O double bond. The four protons 
and four electrons released in this step can be subsequently combined to form hydrogen, which is 
known as hydrogen evolution reaction (HER). The evolution of hydrogen can be illustrated with the 
simplest reaction in chemistry, the reduction of two protons by two electrons to produce hydrogen, 
   (Equation 2-3) 
On the other hand, OER, which involves the electron transfer of four (vs two for HER), is significantly 
more difficult and can only be driven at high oxidative potentials, 
  (Equation 2-4) 
The two half reactions, HER and OER, account for the ability to store 237.178 kJ mol-1 for each mole 
of water split at 25 °C and 1 bar. 
 There are three general approaches[1] to executing the water splitting reaction: solar thermal 
method, direct and indirect solar fuel conversion approaches. In the solar thermal method, an oxide 
of a catalyst is decomposed using the heat by solar light to generate a reduced catalyst that can be 
reacted with water to produce hydrogen. Solar thermal water splitting is outside the scope of this 
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thesis. The other two approaches rely on coupling the water splitting catalysts to a light collection 
and solar-driven charge system. A scheme of direct and indirect photosynthetic route is shown in Fig. 
2-1. In the indirect approach the spatially separated electron-hole pairs provided by a photovoltaic 
cell are channelled through a metallic conductor wired to electrodes that are modified by the catalysts. 
In the direct approach, the catalysts are integrated with a semiconductor and they capture the 
photogenerated electron-hole pairs directly, as is the case of photosynthesis process in nature. In brief, 
the indirect solar conversion to solar fuels process couples the catalyst to an electrode, whereas the 
direct process couples the catalyst to a photoelectrode.  
 
Figure 2-1. An artificial photosynthesis scheme.  
 
For either the indirect or direct solar fuels conversion processes, the catalysts capture the 
electron-hole charge separated pairs and use them to mediate the proton coupled electron transfer 
(PCET) reactions needed for efficient water splitting. The reversible potential difference between 
HER and OER caps the energy storage efficiency and excess applied voltage is lost as heat. The 
effective operational photovoltage  Vop can be described by: 
Vop = Erev + ŋa + |ŋc| + ηΩ     (Equation 2-5) 
where ηΩ represents the voltage required to surmount resistance losses in the cell (e.g., solution 
resistance and contact resistance of the catalyst with the electrode, and ηa and ηc represent the 
overpotentials required to overcome the kinetic barriers inherent to half-reactions HER and OER, 
respectively. These overpotentials can be reduced by using well-designed catalysts, so that the water 
splitting reaction can be operated at a lower potential and the efficiency of the overall process will be 
improved. Therefore, a central challenge is to develop improved catalysts for HER and OER. The 
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following sections provide a brief review on materials developed so far for the anode and cathode of 
water splitting technologies. 
 
2.3 Oxygen evolution reaction catalysts  
Since the transfer of multiple electrons at one time is not kinetically favourable, OER usually 
involves multiple steps with one electron transfer per step.[4] A generalized pathway for OER on 
metal oxide catalysts begins with the formation of a surface M-OH species via water coordination to 
a surface active site with concomitant proton transfer to the electrolyte and electron transfer to the 
electrode, 
    (Equation 2-6) 
Then proton-coupled oxidation of the active sites or disproportionation of two MOH species leads to 
the formation of M-O species, 
     (Equation 2-7) 
     (Equation 2-8) 
Finally, the M-O species is proposed to decompose bimolecularly or is subject to attack by water (or 
hydroxide) to release O2, 
      (Equation 2-9) 
    (Equation 2-10) 
Although detailed mechanisms for OER remain uncertain, these steps provide a framework to 
describe the OER on metal oxides, and the OER activity correlate to the M-O bond strength. In the 
OER, the M-O bonds can be envisaged to be formed and broken during the anodic reaction, which 
can also be viewed as a transition of the metal oxides from a lower to a higher oxidation state. In this 
context, the enthalpy of the transition plays a vital role in determining the activity. Electrocatalytic 
activities of an array of metal oxides are shown in Fig. 2-2.[5] It is revealed that metal oxides with a 
medium enthalpy of transition from lower to higher oxidation state exhibit better OER activity, as can 
be attributed to the intermediate adsorption not too strong nor too weak. Therefore, the noble metal 
oxides RuO2 and IrO2 exhibited the best intrinsic OER activities among the monometal based catalysts. 
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In the following section, various classes of OER catalysts and preparation methods developed to date 
are introduced. 
 
 
Figure 2-2. Volcano plot showing O2 production on metal oxide surfaces vs the enthalpy of 
transition of the oxide in acidic (■) and basic (□) solution. Overpotential measured relative to 0.1 
mA cm-2.[5] 
 
 
2.3.1 Precious metal catalyst 
Both rutile IrO2 and RuO2[6] are highly active for OER, with RuO2 nanoparticles of ~ 6 nm 
exhibiting up to 10 mA mg-1 at η = 0.25 V in 0.1 M KOH. However, the surfaces of these noble metal 
oxides are largely oxidized at the OER potentials, leading to an instable catalytic performance.[7] 
This problem can be solved by the addition of other metal oxides. For example, the addition of IrO2 
to RuO2[8] renders the resultant binary anode 96% more stable to corrosion than RuO2 itself. Co Cu 
and Ni[9] are also reported to improve the OER activity of RuO2 (see Fig. 2-3). Although Ir and Ru 
nanoparticles have been commercialized as OER catalysts, the scarcity and high cost of these noble 
metals make them undesired for widespread applications. 
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Figure 2-3. (Color online) a) Ru mass-normalized and b) noble metal (Ru+ Pd, Re, Ir) mass-
normalized OER activities at 1.48 V/RHE plotted over the atomic stoichiometries of the catalyst 
precursor for all seven binary Ru–M catalyst systems. Ru–Co, Ru–Cu, Ru–Ir, Ru–Ni, and Ru–Pd 
show characteristic single maximum (“volcano”) relationships. The Ru60Co40 catalyst shows the 
highest OER activity. A pure Ru benchmark catalyst showed about 100 mA/mgRu.[9] 
 
2.3.2 Manganese oxides  
In the oxygenic photosystem II (PS-II), the Mn cluster (Mn4O4Ca) catalyzes water oxidation 
in the protein-cofactor complexes shown in Fig. 2-4.[10, 11] Therefore Mn as a naturally abundant 
element with low toxicity has become one of the most studied metals in water oxidation catalysis.[12-
14] There are more than 20 polymorphs for Mn oxides. The multivalent nature and the 
nonstoichiometric composition of Mn oxides make them more complicated to be investigated as OER 
catalysts than simple oxides.[15] The catalytic activities of Mn oxides rely heavily on their chemical 
compositions and crystallographic structures, as well as morphologies and pore structures.[16-18] 
The α-MnO2[16] exhibits a mass activity of 23.4 A g-1, relative to 4.2 A g-1 for δ-MnO2 at an 
overpotential of 0.45 V in alkaline solution (0.1 M  KOH). Mn oxides thin films[19] prepared by 
electrochemical deposition shows high OER activities in 0.1 m KOH by matching 10 mA cm-2 with 
an overpotential of 540 mV. The presence of Mn3+ species has been described as crucial for the 
promotion of water oxidation.[20] However, Mn3+ is unstable due to the disproportionation reaction 
14 
 
to form Mn2+ and Mn4+. The coordination of amine groups on the surface of MnO2 contributes to 
stabilizing Mn3+, leading to a negative potential shift of approximately 500 mV.[21] Interestingly, 
Mn oxides also show high activity for oxygen reduction reaction,[22] serving as a bifunctional 
catalyst in electrochemistry. 
 
Figure 2-4. Arrangement of cofactors of the electron transfer chain located in subunits D1 and 
D2.[11] 
 
2.3.3 Cobalt oxides  
Cobalt has yielded the largest family of water oxidizing catalysts. When the Co oxides are 
used in phosphate (Pi) electrolyte, the Pi anions are found to stabilize the catalytic domains from Co 
leaching, as is known as the self-healing mechanism.[23] It is also reported that the Pi electrolyte 
facilitates rapid proton transfer and improves the kinetics of the process.[24] The Co-Pi catalysts 
renewed interest in metal oxides as viable OER catalysts.  
On the other hand, hierarchical Co3O4 were fabricated to increase the surface to volume 
ratio,[25] resulting in improved OER activities. The nanoparticles with a diameter < 5 nm has been 
prepared by pulsed-laser ablation and exhibited a turnover frequency of 0.21 mol O2 (mol Cosurface)
−1 
s−1 in alkaline electrolyte (1M KOH), which is among the highest ever reported for Co3O4 
nanoparticle.[26] Very similar activities have been observed for CoOx nanoparticles of identical size 
and shape, independent of stoichiometry.[27] This indicates that the same active species evolves in 
the OER process. It is assumed that the spinel-type Co3O4 is transformed to a layered double-
hydroxide surface, which is the actual active structure.[28] Recent DFT calculations show low 
activity on the regular sites of CoO(OH) and CoO2- the thermodynamically stable CoOx phases under 
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water oxidation conditions, supporting the phase transformation of CoOx to a more active 
structure.[29] By supporting CoOx nanoparticles on conducting materials such as amorphous carbon, 
graphene and carbon nanotubes, the OER activity can be further improved.[30] 
 
2.3.4 Nickel oxides 
Generally, the OER activity of monometal oxides decreases in the order Ni>Co>Fe>Mn, 
which correlates well to the M-OH bond strength.[31-33] Apart from its high electroactivity, Ni is an 
earth-abundant first-row transition metal with corrosion resistance and good ductility. For these 
reasons, Ni-based catalysts have been extensively investigated since early last century.[34] 
The OER reaction mechanism on Ni-based catalysts is very complicated. The pathway can be 
depicted as that the as-synthesised NiOx catalysts are evolved to form NiO(OH) species under anodic 
conditions, and these NiO(OH) species served as highly active sites,[35] which is also quite stable 
under the harsh OER conditions. Therefore, an aging process is necessary for Ni-based catalysts to 
achieve its best catalytic performance. Moreover, NiOx Tafel behaviour is unique, exhibiting a ca. 60 
mV dec-1 slope at low overpotentials, and a larger 120 mV dec-1 at high overpotentials,[36] indicating 
a different mechanism and active species evolved at different overpotentials. 
The OER activities of Ni-based catalysts can be significantly improved by Fe doping. In the 
1980s, Corrigan et al.[37] were among the first to study the OER behaviour of NiOx with Fe impurities, 
and it was astonishing to find that even at an ultra-low concentration of Fe (0.01%) co-precipitated 
onto the NiOx films, a notable decrease in OER overpotential and decease in discharge capacity was 
observed, demonstrating that Fe impurities in the NiOx catalysts significantly improve its activity.[37, 
38] In the absence of Fe impurities (coming from the electrolyte), the OER activity of NiOx films 
decreases upon anodization, showing a catalytic onset potential over 400 mV. By Fe doping, the Tafel 
slope can be decreased to as low as 41 mv dec-1.[39] Very recently, Friebel et al.[40] set up a γ-(Ni, 
Fe)OOH model with hexagonal structure (Figure 2-6a) based on the X-ray adsorption spectra for 
DFT+U calculations. It is found the Ni is present as Ni2+ in a layered double hydroxide structure at 
potentials well below the onset of the OER in the presence of Fe. As the potential is raised, the Ni2+ 
cations undergo oxidation to Ni3+. The oxidized catalysts can be described as γ-Ni1-xFexOOH, where 
on-top Fe sites and Fe-Fe bridge sites in γ-Ni1-xFexOOH show a significantly lower overpotential than 
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do Ni3+ in either γ-Ni1-xFexOOH or γ-NiOOH (see Fig. 2-5b), being identified as highly active Fe 
sites for OER. 
 
Figure 2-5. Theoretical OER overpotentials at Ni and Fe surface sites in pure and doped γ-NiOOH 
and γ-FeOOH model structures. (a) Proposed OER pathway with intermediates HO*, O* and 
HOO*, illustrated using the example of the on-top site at a substituted Fe surface atom in γ-
NiOOH(011̅2). The binding energies of these species are used to estimate the OER overpotential. 
(b) OER activity volcano showing the overpotential as a function of Gibbs free energies of the 
reaction intermediates. Computed overpotentials are shown for the OER at Ni−Ni bridge and Fe on-
top sites located in pure γ-NiOOH(011̅2) and in γ-NiOOH(011̅2) with Fe surface and subsurface 
doping, at a Ni on-top site in pure γ-NiOOH(011̅2), and at Fe−Fe bridge sites in pure and Ni-doped 
γ-FeOOH(010) (25% Ni in bulk unit cell). [40] 
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Besides Fe, cobalt oxides or hydroxides are also introduced to NiOx to improve the 
reversibility and electrocatalytic activity and stability of NiOx.[41] Recently, the thin film containing 
amorphous Co-Fe-Ni oxides has shown a Tafel slope of 31 mV dec-1 and an onset potential of 1.42 
V vs RHE, approaching those parameters of the most active OER catalysts in literature, drawing great 
research efforts to amorphous metal oxides catalysts.[42]  
Gerkin et al. operated a screening of the OER activity from Ni-Fe oxides containing a third 
metal,[43] and the results showed that the presence of Ga or Cr as the third metal demonstrated high 
catalytic performance. Based on these discoveries, further investigation is to probe the mechanisms 
for the influence of the third metal. Due to the low conductivity of metal catalysts, highly conductive 
supports have been introduced to make composite high efficiency OER catalysts. For example, the 
carbon-supported amorphous Ni-Fe nanoparticles show 280 mv overpotential at 10 mA cm-2 in 1.0 
M KOH, which is close to the highest performance of crystalline Ni-Fe thin films.[44] In summary, 
compared with CoOx, a highly basic medium is necessary for NiOx catalysts, limiting their practical 
applications. The long-term objective of this research should enable NiOx catalysts to be operated 
under neutral pH conditions.[45]  
 
2.3.5    Amorphous metal catalysts 
Although most OER catalysts are based on crystalline metal catalysts, the unique catalytic 
and electrocatalytic behaviour of the amorphous metal catalysts has attracted increasing attention 
since the 1980s.[42, 46-56] Some amorphous metal catalysts demonstrated superior catalytic activity 
and stability in the OER application.[42, 47, 50-52, 54-56]  
May et al. [53] found that the amorphization of the surface of Ba0.5Sr0.5Co0.8Fe0.2O3-δ through 
electrochemical cycling led to the increase of the OER activity. Masa et al. [54] used a chemical 
reduction route to synthesis amorphous cobalt boride (Co2B), which showed exceptional catalytic 
activity for the OER (10 mA cm-2 at 1.61 V). The catalytic performance was further improved when 
impregnated with a N-doped graphene, with a current density of 10 mA cm-2 at 1.59 V. by annealing 
of the Co2B catalyst at 500 
oC, the catalyst was claimed as the best Co-based catalyst so far, more 
efficient even than RuO2 and IrO2, and exhibited no loss in performance after over 60 h of continuous 
electrolysis at 10 mA cm-2. Further EXAFS study implied that B induces lattice strain in the crystal 
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structure reduced the barrier for Co2B to be converted to CoOOH (the electroactive species), both in 
the thermodynamic and kinetic way.[54] 
Haber et al. [55] employed a high-throughput synthesis and property screening methodology 
to develop a new family of Ce-rich family of OER catalysts. High resolution inkjet printing to make 
an array of 5456 discrete oxide compositions containing Ni, Fe, Co and the earth abundant element 
Ce (see Figure 2-6). The OER performance of each composition was evaluated in O2-saturated 1.0 M 
NaOH on a custom-built scanning droplet cell.[57] The effectiveness of this technique was 
demonstrated by the discovery of an unpredicted composition of ternary composite 
(Ni0.3Fe0.07Co0.2Ce0.43Ox, denoted as high-Ce in Figure 2-7(D)) of exceptional OER activity.[55] 
These new type of catalysts all showed amorphous XRD pattern.  
 
 
Figure 2-6. Performance map of (Ni-Fe-Co-Ce)Ox oxygen evolution catalysts. The composition 
map of the overpotential required for performing oxygen evolution at 10 mA cm-2 from 
chronopotentiometry measurements is shown in (A) in the quaternary composition tetrahedron and 
(B) as a series of pseudoternary slices through the quaternary space. [55] 
 
Although the significance of amorphous metal catalysts has been seen recently, the fabrication 
methods available for such catalysts almost exclusively rely on the conventional electrodeposition. 
Smith et al. recently developed a simple, rapid, universal and economic fabrication technique, i.e. 
photochemical metal-organic decomposition (PMOD) method for the synthesis of OER catalysts.[42] 
The synthesis process makes uses of photochemical decomposition of appropriately chosen metal 
complexes to coat an amorphous metal oxide films on electrode surfaces, which worked very well on 
both single and multi-component metal oxides such as amorphous mixed-metal oxides of Fe, Ni and 
Co.[58, 59] The UV-vis diffuse reflection spectra of these films showed no crystalline phases of the 
metal oxides, which indicated the amorphous nature of the crystal structure.[60-62] The amorphous 
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oxides of Co, Ni and Fe showed better catalytic performance than their crystalline counterparts, and 
furthermore, with amorphous CoOx and NiOx being better than amorphous Fe2O3 and the mixed 
oxides of Ni-Co-Fe showing the best catalytic activity.[42] Unlike thermal decomposition or 
coprecipitation, this low-temperature PMOD process did not cause phase segregation, and 
demonstrated the acute stoichiometric control of the metal compositions.[42] The limitation of this 
method is that it is only applicable to small amount synthesis due to the short penetration depth of 
UV-vis.  
 
Figure 2-7. Analysis of a pseudoternary section of the (Ni-Fe-Co-Ce)Ox catalyst space. (A) A planar 
slice through the tetrahedron of Figure 2-6(B) that intersects the composition regions of interest. 
The pseudoternary map of the planar slice showing the overpotential (B) at 10 mA cm-2 as in Figure 
2-6 and (C) at 3 mA cm-2 from cyclic voltammetry data. (D) The catalytic current extracted from 
cyclic voltammetry measurements is shown for the representative high-Ce and low-Ce catalysts. 
[55] 
 
 
Yang et al. [56] synthesized a nanoporous amorphous Ni-Co binary oxide film by 
electrochemical deposition followed by anodization (see Figure 2-8) for OER. The amorphous 
structure provided abundant defect sites for oxygen evolution, meanwhile the highly porous 
morphoogies provided acessible active surface areas. These amorphous Ni-Co oxides produced a 10 
mA cm-2 current density at a lowered overpotential of about 325 mV and a decreased Tafel slope of 
about 39 mV decade-1. The excellent electroacivities of this study deonstrated that amorphous Ni-Co 
films had better OER activities than their crystalline counterparts.[56] 
20 
 
 
Figure 2-8. Fabrication process and electron micrographs of the Ni-Co binary oxide nanoporous 
layer: (a) schematic illustration outlining nanoporous layer fabrication; (b and c) surface and cross-
sectional images of nanoporous layer (10 at.%Co).[56] 
 
2.3.6 Perovskites  
A potential alternative class of low cost catalysts to the precious metal oxide catalysts is ABO3 
perovskites composed of an alkali or a rare earth metal (A) with a transition metal or metals (B) show 
promise as lower cost alternatives.[63] Perovskites such as LaMnO3, LaCoO3, LaNiO3 all show 
promising OER activities. It can be seen from Fig. 2-9 that among these materials 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite (BSCF) has been reported to have one of the highest intrinsic OER 
activities due to an optimal eg orbital filling that is close to unity.[64] Although the turnover frequency 
of BSCF proved to be 10 times faster than IrOx, the mass-normalized OER activity of BSCF is still 
lower than the precious metal oxides due to its small specific surface area (0.5 m2 g-1). To realise the 
full advantage of the intrinsic OER activity of perovskite it is desirable to maximise the surface area 
to mass ratio of the catalyst. In order to improve the specific surface areas of the catalysts, templates 
such as cellulose[65, 66] and mesoporous silica[67] are applied in preparing hierarchical perovskites. 
Moreover, amorphization of BSCF proceeds during water oxidation reaction, leading to a rapid 
deactivation.[53] In this context, to develop robust OER catalysts from perovskites is another 
important research topic. It is noteworthy that perovskites are also bifunctional catalysts that are also 
active for oxygen reduction reaction.  
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Figure 2-9. The relation between the OER catalytic activity, defined by the overpotentials at 50 mA 
cm −2 ox of OER current, and the occupancy of the eg-symmetry electron of the transition metal (B 
in ABO3). Data symbols vary with type of B ions (Cr, red; Mn,orange;Fe,beige;Co,green;Ni,blue; 
mixed compounds, purple), where x = 0, 0.25, and 0.5 for Fe. Error bars represent SDs of at least 
three independent measurements. The dashed volcano lines are shown for guidance only. (cited 
form reference [64]) 
 
2.3.7    Layered double hydroxides 
Layered double hydroxides (LDH) are a class of materials consisting positively charged layers 
constructed by cations (e.g. Ni2+, Mg2+, Co2+, Mn2+) and charge-balancing anions in the interlayer 
(typically CO3
2+, but this can easily be replaced by other anions such as NO3-, SO4
2-).[68, 69] 
Therefore, the LDH structure is promising for use in OER owning to its highly accessible structure 
to electrolytes by anion exchange.[70, 71] Dai et al.[72] were among the first to develop a NiFe LDH 
for OER electrocatalysis.  The NiFe LDH nanoplates (~5 nm) alone showed a catalytic activity of 
280 mV at 5 mA cm-2. Considering the relatively low conductivity of LDH, a common problem with 
hydroxides,[72] the same research group attached the NiFe LDH nanoplates to a multi-walled carbon 
nanotube, and the hybrid material showed a better OER performance, delivering a current density of 
5 mA cm-2 at an overpotential of 250 mV with a Tafel slope of 31 mV decade-1 in 1 M KOH at a 
loading of 0.25 m cm-2.[72] The high intrinsic OER activities of NiFe LDH was further confirmed by 
growing on graphene,[73] and on carbon quantum dots.[74] Further study by Song and Hu[75] 
demonstrated a synthetic route of exfoliating the layered LDH structure into few layers and single 
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sheets in order to expose more surface sites. The as-synthesized exfoliated LDH nanosheets were 
about 0.8 nm thick (Figure 2-10 [75]), and showed significantly higher OER activity.[75] Future 
research is crucial to understand the active site of LDH for use in OER. 
 
 
Figure 2-10. Structural characterization of exfoliated LDH nanosheets. (a) Optical images of 
colloidal solutions of exfoliated nanosheets. Tyndall effect was visible when irradiated with a laser 
beam. (b) TEM images of bulk NiCo LDH nanoparticles. Inset is the corresponding Selected Area 
Electron Diffraction (SAED) pattern. Scale bar, 400 nm. (c) TEM images of exfoliated single-layer 
nanosheet of NiCo LDH. Scale bar, 100 nm. Inset is the corresponding SAED pattern where the 
spots can be indexed to crystalline plane family of {110}. (d) AFM image of exfoliated single-layer 
nanosheets of NiCo LDH. (e) Height profile of the exfoliated monolayer of NiCo LDH. The 
profiles 1, 2, 3 and 4 correspond to the numbered lines in Fig. 3d, respectively. The average 
thickness is about 0.8 nm. (cited from reference [75]) 
 
2.3.8    Spinels 
       Spinels are a class of minerals of general formulation A2+B2
3+O4
2-. The oxide anions form a cubic 
close-packed lattice and the cations A and B occupy the octahedral and tetrahedral sites in the lattice. 
Gennerd et al.[76] found NiCo2O4 with spinel structure to be an efficient electrocatalyst for the OER 
reaction. By thermal decomposition of Co-Ni nitrate solutions of the atomic ratio of Co to Ni from 
0.6 to 1.3, the spinel structure was observed on all resultant oxides, with a Co/Ni surface ratio equal 
to 2 demonstrating the maximum current density at an overpotential of 320 mV, as well as a Tafel 
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slope of about 50 mV decade-1.[76] Nikolov et al.[77] conducted a comparative study of the binary 
oxides with spinel structure MxCo3-xO4 (M = Li, Ni, Cu) in order to elucidate the effect of the cation 
distribution in the crystal lattice in the OER reaction in alkaline media. It was found the activities of 
the spinels increases in the order of Co3O4 < NixCo3-xO4 << CuxCo3-xO4 < LixCo3-xO4, which was 
attributed to the cation distribution in the crystal lattice and the number and energetics of the active 
sites formed on the surface before OER testing.[77] 
 
2.3.9    Alloys 
       Despite metal oxides and hydroxides, metal alloys have also been studied for OER. Chi et al. [78] 
coated Ni-Co alloy on Cu substrate by cyclic voltammetry deposition. Polarization curves and AC 
impedance measurement showed that alloy electrodes possessed better electrocatalytic properties and 
lower overpotential than pure Ni electrode, and the activity increases with the increase of Co content.  
 
2.4 Overview of the synthesis methods used to prepare OER catalysts  
2.4.1 Electrodeposition  
Electrodeposition is one of the most used methods for in-situ deposition of metal oxides over 
electrodes as a thin film. In this method, the cations of a salt are electrochemically reduced to its metal 
state onto a metallic substrate. First, a process involving the orientation of atoms takes place onto the 
surface of the desired substrate. Then, a process usually known as electrocrystallization takes place 
leading to the incorporation of the desired atoms at the electrode. The latter process is usually slower 
on metal electrodes, which makes the overall electrodeposition rate to be limited by this latter step. 
Sometimes the precipitation reactions take place on the surface of the electrodes (electrode-solution 
interface) as a result of electronic exchange that causes the change in the oxidation state of one of the 
present species. 
The surface morphologies of the Ni catalysts can be controlled by varying the deposition 
parameters,[79] such as potential and time. Thin films with various chemical compositions can also 
be obtained using electrodeposition method. 
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2.4.2 Hydrothermal method 
In a hydrothermal process the catalysts are crystallised by alkaline agents[16, 80] as 
precipitator and mineralizer in a sealed system. Hot pressurised water contributes to improve the 
crystallinity of the obtained products. Using hydrothermal method, perovskite BiFeO3-BaTiO3 
cystallites are prepared in KOH solution at 200 ˚C.[80] By adding organic agents in to the synthesis 
mixture, catalysts with unique morphologies can be obtained.  α-Ni(OH)2 nanospheres, β-Ni(OH)2 
nanoplates and β-Ni(OH)2 nanoparticles are successfully fabricated in a similar reaction system by 
varying the amounts of ethanol and acetone in the precursor.[16] Urchin-like Co(CO3)0.5(OH) 
∙0.11H2O  hollow spheres are synthesised at 120 ◦C with urea as homogeneous precipitator.[81] In 
this context, it is an effective way to prepare catalysts with novel structures via hydrothermal route. 
 
2.4.3 Polymeric complexing route 
The polymeric complexing route, also known as Pechini method, was proposed in 1967 and 
extensively applied in the perovskites preparation. The metal ions are chelated with citric acid to form 
a gel. Combustion of the gel at ca. 260 ◦C leads to a composite in which metal ions are expected to 
be uniformly distributed. Calcination at a higher temperature leads to the formation of perovskite 
phase. The amount of citric acid added into the premixed solution depends on the metal ions: 1 mole 
of trivalent cation requires 1 mole of citric acid and 2/3 mole of citric acid is required for divalent 
cations. 
 
2.4.4 Solution phase reduction 
Solution phase reduction is widely used in the preparation of metal nanoparticles and 
supported metal nanoparticles. In a typical run, metal nanoparticles are generated by reducing 
corresponding metal salt to its metal state in a solution. Amorphous Ni-B particles of 20 nm and Ni-
P particles of 70 nm are synthesised with KBH4 and NaH2PO2 as reducing agents respectively.[82] 
Sometimes organic agents are used to control the size and morphology of the nanoparticles. Pt 
nanoparticles of 2-4 nm[83] are synthesized by the alcoholic reduction of H2PtCl6 in the presence of 
a polycation, poly(diallyldimethylammonium chloride) (PDDA). Oleylamine[44] is used in the 
synthesis of carbon-supported Ni-Fe particles, leading to a particle size of about 4 nm.  
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2.4.5 Photochemical decomposition 
Photochemical decomposition of metal-organic complexes is a novel method to synthesise 
amorphous metal oxides thin films. Taking Ni for example,[42] Ni(II) 2-ethylhexanoate is dissolved 
in hexanes to make a precursor solution. The solution is then spin-coated onto the electrodes and 
irradiated under UV light to decompose the metal-organic complexes. Using this strategy, the OER 
activities of binary and ternary amorphous metal oxides are systematically investigated. It is found 
that the amorphous Fe0.33Co0.33Ni0.33Ox thin film exhibits the best performance at pH 13, which is 
claimed to be comparable to those of the best OER catalysts.  
 
2.4.6    Mechanical alloying 
 This method makes the use of the close affinity of two or more metals to form an alloy, in a 
physical way. For example, the affinity of Ni (atomic number 28) and Fe (atomic number 26) 
facilitates the formation of a NiFe alloy, by mechanically mixing metallic Ni and Fe. This method 
can be applied to the synthesis of various combinations of Co, Ni, Mo and Fe alloys, which showed 
improved current densities of 11-234 mA cm-2 at an overpotential of 400mV at different temperatures 
of 198K, 323K and 343K.[84] However, the nature of mechanical alloying leads to large crystal size 
with low electrochemically accessible surface area and lack of chemical contact between different 
elements, which limits its potential in exploring novel structures for OER catalysts. 
 
2.5 Hydrogen evolution reaction catalysts 
The generally accepted HER mechanism at metal electrodes in acidic media can be illustrated 
by a sequence of three steps which is shown in Fig. 2-11.[85] Step 1: The Volmer or discharge 
reaction (blue arrows in Fig. 2-2). In this step, an electron transfer to the electrode is coupled to a 
proton adsorbed on an active site to generate an adsorbed hydrogen atom (Hads).  
      (Equation 2-11) 
Subsequently hydrogen formation may occur via two different reaction pathways, Heyrovsky reaction 
or Tafel reaction. 
Step 2: Heyrovsky reaction. The surface adsorbed H atom is protonated and coupled with a single 
electron transfer to yield hydrogen. 
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      (Equation 2-12) 
Step 3: Tafel reaction. H2 is evolved by recombination of two surface adsorbed H atoms. 
      (Equation 2-13) 
 
Figure 2-11. The mechanism of hydrogen evolution on the surface of an electrode in acidic 
solutions.[85] 
 
Therefore, the strength of the Hads-metal bond plays a critical role in determining the HER activity of 
catalysts. Indeed, a plot of the log of the exchange current densities (j0) for the HER in acidic media 
vs the energy of chemisorption of hydrogen for a wide array of metals yields the vocano-shaped linear 
free energy relationship shown in Fig. 2-12.[86] In the following section, several representative 
materials for HER are briefly introduced. 
 
Figure 2-12. Volcano curve for the HER on metal electrodes in acidic media. The log of the 
exchange current density j0 is plotted versus the M-H bond energy for each metal surface.[86] 
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2.5.1 Precious metal catalysts 
 For the monometallic catalyst, precious metal catalysts are at the summit of the volcano plot, 
which can be explained by the Sabatier principle. Metals to the left of Pt in Fig. 2-12 bind hydrogen 
atoms too strongly, blocking the active site and failing to evolve hydrogen. Metals to the right of Pt 
binds hydrogen too weakly, failing to stabilize the intermediate state and preventing any reaction 
from taking place. 
 Numerous precious metals are studied as the HER catalysts, including Ru, Rh, Pt and Pd,[87-
89] showing promising HER activity in both acidic and alkaline electrolyte. However, the 
microelectrode studies on polycrystalline Pt suggest two orders of magnitude lower HER exchange 
current densities in alkaline compared to acidic media.[90] Moreover, the kinetics of the HER are 
structure sensitive processes, with Pt(110) being about ten times more active than either of the 
atomically ‘flatter’ (100) or (111) faces at 275 K.[91] This suggests further improvement of HER 
activity relies on the anisotropic crystal growth of the catalysts. 
 Like in other catalysis process, precious metal catalysts deactivate in OER by addition of a 
poison such as sulphur or arsenic irreversibly adsorbed on the active sites.[92] Thus, developing 
stable catalysts highly resistant to poisons is another research topic in this field. 
 
2.5.2 Intermetallic catalysts 
Binary alloys or intermetallics consisting of a metal from the left- and right-hand branches of 
the volcano plot have exhibited significantly improved activity relative to either metal by itself. For 
instance, Ni, which adsorbs hydrogen weakly is alloyed with Ti,[93] which adsorbs hydrogen very 
strongly, with TiNi3 exhibiting one order of magnitude improved activity relative to either pure metal. 
Similar synergetic effects have been observed for an array of alloys, including Mo-Ni,[94, 95] Mo-
Co,[96] Mo-Pt,[97] Mo-S,[98] Ni-Zr.[99] However, in some of these cases, it is still unclear whether 
the intrinsic properties or the surface roughness of alloys determine the HER performance. Dealloying 
is another method to improve the catalytic activity. Chemically or electrochemically leaching Al from 
Ni-Al alloy produces Raney Ni catalyst,[100] which shows low hydrogen overvoltage (80–100 mV 
at 90°C, at 200–400 mA cm−2 in 35wt% NaOH) and excellent stability. 
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2.5.3 Molecular catalysts 
Molecular HER catalysts are inspired by nature’s proton-reducing enzyme, hydrogenase. 
[FeFe]-hydrogenase models (Fig. 2-13a),[101] frequently featuring two bridging sulfides to mimic 
the enzyme active site, have been studied extensively as HER catalysts. Indeed, numerous first-row 
transition metal ions (eg. Fe, Co, Ni)[101-103] ligated by organic molecules show promising HER 
activities. In these cases, the ligand itself as well as the ligand environment can heavily influence the 
electrocatalytic properties. Fig. 2-13b[102] depicts the structures of two cobalt clathrochelates. The 
HER overpotential is 0.4 V for R=Ph whereas 0.8 V for R=Me, highlights the function of conjugation 
system in the molecular catalysts. Heterogeneous HER catalysts can be prepared by immobilizing 
molecular catalysts on the surface of electropolymer films grown on platinum or carbon,[104] 
however the electrochemical performance is not satisfactory. Although the fabrication of molecular 
catalysts aims to develop catalysts that operate in aqueous environments, many molecular 
electrocatalysts reported to date are only stable/active in organic solvents or organic/aqueous solvent 
mixtures. 
 
  
 
Figure 2-13. Molecular structures of (a) [FeFe]-hydrogenase model[101] and (b) cobalt 
clatrochelate model.[102] 
 
2.6 Conclusions 
In the past ten years or so, the research efforts have been focused on the development of 
crystalline OER catalysts based on transition metals to replace noble metal catalysts and the study of 
(a) (b) 
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their electrochemical behaviour under anodic conditions. It has been found that the surfaces of the 
crystalline catalysts undergo amorphisation under OER conditions, and afterwards metal 
oxohydroxides evolve, which have been identified as highly active sites. This recent breakthrough 
has shed new light to preparing amorphous materials for efficient water oxidation.  
To date, several types of amorphous metal oxides and metal borides have been reported with 
activities that compare favourably with the noble metal oxide. New approaches to fabricate 
amorphous OER catalysts have also been developed, including photochemical degradation, 
electrochemical deposition and chemical reduction method. It has also been found that the catalytic 
performance can be significantly improved by elemental doping with both metallic and non-metallic 
elements. In spite of the promising OER activities shown by these catalysts, fundamental 
understanding from atomic and molecular perspectives of reaction mechanism is still lacking. The 
amorphous structure and the multiple composition of the catalysts made it a challenging task to figure 
out the active sites and the catalytic pathways.  
The outstanding activities of the transition metal catalysts, both crystalline and amorphous, can 
only be achieved in strong alkaline solutions (pH 13-14). It is highly desired to develop efficient OER 
catalysts in near-neutral conditions.  
In summary, the next-generation OER catalysts require the elaborate design of the structures to 
favour the evolution of active phase (metal oxohydroxides). More importantly, further optimization 
of the catalyst lies in better understanding of the relationship between the structure, especially the 
local structure, and catalytic mechanism.  
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Chapter 3  
Experimental 
 
 
 
 
 
 
 
3.1 Material synthesis 
This project aims to prepare oxygen evolution reaction (OER) catalysts with activity comparable 
to the precious metal oxides catalysts. Amorphous Ni-based catalysts and Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
perovskite (BSCF) are selected as the basic research objects due to their high intrinsic OER activities. 
Novel catalysts will be synthesised by modifying these two catalysts and the catalytic parameters will 
be compared with noble metal oxides. A summary of catalyst synthesis approaches is provided in this 
chapter and further details of each method are included in Chapters 4 to 7. 
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3.1.1 Hierarchical perovskites synthesis (Chapter 4) 
The turnover frequency of BSCF proved to be 10 times faster than IrOx.[1] However, its mass-
normalised activity is severely restricted by the low specific surface area (0.5 m2 g-1). It is desirable 
to develop BSCF perovskite catalysts with hierarchical structures to realise the full advantage of its 
intrinsic OER activity. 
The hard template method is widely applied in the preparation of porous materials. Pore systems 
can be generated by removing the hard templates embedded in the catalyst crystallites via calcination 
or acid/alkaline treatment. Templates such as mesoporous silica,[2] cellulose[3, 4] and polymers[5] 
are reported to be used to prepare perovskites with hierarchical structures. One of the highest surface 
area perovskites reported in the literature is a partly ordered mesoporous LaFe0.4Co0.6O3 catalyst with 
a specific surface area (SSA) of 163 m2 g-1 that was synthesized using the mesoporous silica KIT-6 
as a template.[2] Inspired by these successful examples, it is reasonable to think of preparing porous 
BSCF perovskites via template method. 
Usually, BSCF perovskite phase is formed at 900 ◦C. Carbon templates are not stable at such a 
high temperature in air, while silica templates can be an effective template. We attempt to use 
mesoporous silica to prepare hierarchical BSCF perovskite but found the large grain size hinder the 
sintering of the precursor, leading to the formation of an amorphous phase. It is assumed that the way 
in which the silica species are introduced into the synthesis precursor dominates the crystalline 
structure of the obtained products.   
In this study, our approach was the direct hydrolysis of tetraethoxysilane (TEOS) as a template 
particle concurrently and in situ with the BSCF precursor solution to form a homogenous gel. The 
TEOS + BSCF precursor gel was combusted at 260 °C then calcined at 900 °C, after which the solid 
was soaked in 2 M NaOH for 24 hours to dissolve silica impurities and leave a porous BSCF 
perovskite with a hierarchical pore structure. This approach will also be studied in the synthesis of 
other types of perovskites. 
 
3.1.2 Amorphous basic nickel carbonate synthesis (Chapter 5) 
Among the transition metal oxides, NiOx exhibits the best OER performance. The thin film 
containing amorphous Co-Fe-Ni oxides prepared by a photocatalytic decomposition method was 
reported to show OER activities comparable to those of the best OER catalysts including IrO2 and 
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RuO2.[6] Therefore, the development of amorphous Ni-based catalysts has become the focal point of 
this research. 
The amorphous Ni-based catalysts can be prepared via various routes such as electrodeposition,[7] 
solution phase reduction[8] and photocatalytic decomposition.[6] However, these methods usually 
involve multi-step synthesis and require delicate reaction parameters, which hinder their scalable 
application. It is highly desired to develop a facile route to synthesise amorphous Ni-based catalysts 
with high OER activities. 
Homogeneous precipitation method using urea as precipitator is extensively used to prepare 
metal-based catalysts with novel structures. In this method, metal salt and urea are firstly added into 
deionized water to make a solution followed by stirring the mixture at c.a. 80 ◦C. The urea dissolved 
in water can be hydrolysed upon heating to gently release NH3 into the synthesis system. As a result, 
the pH gradually increases which will precipitate the metal ions. 
Inspired by this approach, we developed an evaporation induced precipitation method to 
synthesise amorphous Ni-based catalysts. Nickel nitrate, ammonia water and sodium carbonate were 
mixed with deionized water. In this synthesis system, ammonia was used as ligand to coordinate with 
Ni2+ to form a Ni(NH3)m
2+ complex that remains stable in a mild alkaline solution such as Na2CO3. 
However, when heated to 60 °C, the Ni(NH3)m
2+ complex decomposes and the Ni2+ released from the 
complex is available to react with OH- or CO3
2- ions to precipitate as Ni(OH)2 and NiCO3 that leads 
to a highly amorphous structure. After washing and drying, the obtained product could be directly 
used as OER catalyst that highlights the low synthesis temperature of this method. 
 
3.1.3 Amorphous metal borides synthesis (Chapters 6 and 7) 
Very recently the amorphous cobalt boride (Co2B) has been reported to be one of the most active 
Co-based catalysts. The amorphous Co2B catalyst attains an OER current density of 10 mA cm
-2 at a 
lower overpotential (0.38 V) than RuO2 (0.40 V), which is remarkable for a nonprecious metal-based 
catalyst. The lattice strain induced in the crystal structure of the metal due to the presence of boron 
potentially reduces the energetic and kinetic barrier of the hydroxylation reaction, formation of the 
OOH* intermediate, a key limiting step in the OER.  
More importantly, the amorphous Co2B is prepared via a chemical reduction method using 
sodium borohydride as a reducing agent. This synthesis approach has been applied elsewhere for 
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hydrogen generation from hydrazine decomposition,[9] catalysts for the hydrogen evolution 
reaction[10] and oxygen reduction reaction[11], but to our knowledge has not been studied to produce 
multi-compositional OER catalysts. 
Here we propose the chemical reduction of metal nitrate salts by sodium borohydride as a facile 
route to prepare amorphous metal borides catalysts based on 3d-orbital transition metals. This study 
includes amorphous metal borides based on (i) Fe, Co and Ni as these are the main elements in the 
most active crystalline spinel and layered double hydroxide 3d metal oxide OER catalysts reported 
to date[12-15], and (ii) BaSrCoFe and LaSrCoFe for comparison to perovskite OER catalysts. 
 
3.2 Configuration of thin film electrodes 
Thin film electrodes were fabricated by sonication of 10 mg active catalyst and 10 mg carbon 
black (Super C65, TIMCAL C’NERGY) for 30 minutes in 1 mL ethanol with 100 µL 5 %wt. Nafion 
solution. A 5 µL aliquot of this suspension was drop-cast onto a glassy carbon disk electrode (4 mm 
diameter, 0.126 cm2 area) and left to dry under a glass jar. The typical catalyst loading was 0.36 mg 
cm-2. The film’s Ni content was confirmed by conversion of the nickel to NiO in air using TGA.  
Rotating disk electrode (RDE) voltammograms in an O2 (99.999%) saturated 0.1 M KOH 
solution were measured at room temperature with a Biologic VMP2/Z multichannel potentiostat. The 
electrochemical cell had a Pt wire counter electrode and a Ag|AgCl (3M NaCl) reference electrode. 
The reference electrode was calibrated with respect to reversible hydrogen electrode (RHE) in a 
hydrogen saturated electrolyte with a Pt wire as the working electrode. Cyclic voltammograms were 
measured at a scan rate of 1 mV s−1 and the thermodynamic potential for the hydrogen electrode 
reactions was determined from the mean of the two potentials at which the current crossed zero. 
The key parameters are described below in Section 3.3. 
 
3.3 Key parameters of data analysis 
Potential 
All the potentials are iR-corrected by Equation 3-1: 
( ) | 0.937RHE iR corrected Ag AgClE E iR       (Equation 3-1) 
where i is the current and R is the uncompensated ohmic electrolyte resistance (55 Ω) measured via 
high frequency ac impedance in O2-saturated 0.1 M KOH. 
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Current density  
The current densities (mA cmgeo
-2) were normalized by using geometric surface areas: 
geo
geo
i
j
S
       (Equation 3-2) 
where i is the current measured at a certain overpotential and Sgeo is the geographic surface area of 
the electrode. 
The mass normalised activity was calculated from the catalyst loading m (mg cmgeo
-2) and the 
measured current density jgeo (mA cmgeo
-2): 
geo
m
j
j
m
       (Equation 3-3) 
 
Turnover frequency  
Turnover frequency was calculated by Equation 17, which is the commonly used method:  
  
4
I
TOF
F n

        (Equation 3-4) 
In Equation 3-4, I is the measured current at a certain overpotential. F is Faraday’s constant 
(96485.3 C mol-1), and n is the moles of the total active metal atoms drop-cast on the electrode. 
 
Tafel plot 
The Tafel equation is an equation in electrochemical kinetics relating the rate of an 
electrochemical reaction to the overpotential. On a single electrode the Tafel equation can be stated 
as 
0
ln
i
A
i

 
   
 
     (Equation 3-5) 
where η is the overpotential. The constant A is the so-called “Tafel slope”. i is the current density 
(mA cmgeo
-2). i0 is the current at equilibrium, i.e. the rate at which oxidized and reduced species 
transfer electrons with the electrode. A typical tafel plot is shown in Fig. 3-1: 
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Figure 3-1. Schematic Tafel slope for an anodic process. 
 
The Tafel slope is the slope of the red straight line and i0 can be calculated from the corresponding 
intercept. 
 
3.4 Material characterization techniques 
3.4.1 X-ray diffraction 
The structures of the electrode materials were investigated by wide angle X-ray diffraction 
(XRD). The XRD scattering patterns were recorded on a Bruker D8-Advanced X-ray diffractometer 
using nickel-filtered Cu-Kα radiation. The samples were scanned in an angle range from 10° to 90° 
(2θ) at 2° min-1 with 40kV voltage and 30 mA current. 
 
3.4.2 N2 sorption analysis 
N2 sorption was performed at 77 K (-196 °C) on a Micromeritics TriStar II 3020, after degassing 
the samples for 12 h at 80 °C. From the measured N2 adsorption/desorption isotherm, the total specific 
surface areas (SBET) were determined with the Brunauer-Emmet-Teller (BET) method and the pore 
size distributions were determined by the Density Functional Theory (DFT) cylindrical pore model 
for all samples in this thesis.   
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3.4.3 Electron microscopy 
Electron microscope images were collected on a JEOL JSM-7001F scanning electron microscopy 
(SEM) at an acceleration voltage of 10 kV and a JEOL 2100 transmission electron microscope (TEM) 
operated at 200 kV. Prior to electron microscope analysis, samples were well dispersed on sample 
holders and were allowed to dry in a vacuum oven. 
 
3.4.4 Fourier-transform infrared spectroscopy 
Fourier-transform infrared spectroscopy (FTIR) was measured from 650-4000 cm-1 on a 
PerkinElmer Spectrum 100 spectrometer.  
 
3.4.5 X-ray photoelectron spectroscopy 
X-ray photoelectron spectra were acquired on a Kratos Axis ULTRA X-ray photoelectron 
spectrometer (XPS) incorporating a 165 mm hemispherical electron energy analyser and a 
monochromatic Al Kα (1486.6 eV) radiation at 150 W (15 kV, 10 mA). The binding energies were 
determined using the C1s line at 284.5 eV from adventitious carbon as a reference. Survey scans were 
used to identify the major components on the surface of the materials whilst the oxidation states of 
the components are obtained from the high resolution scans. 
 
3.4.6 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was performed under air on a PerkinElmer STA 6000 
instrument at a heating rate of 10 °C min-1. 
 
3.5 Electrochemical characterisations 
3.5.1 Cyclic voltammetry 
In a cyclic voltammetry (CV) test, the potential applied to the working electrode increases 
linearly from a start potential (normally lower limit) to an end potential (normally upper limit), and 
then the voltage is decreased, reversing the scan and returning the electrode to its initial potential. 
During this process, the potentiostat measures the current resulting from the applied potential. A plot 
of current against the applied potential is known as cyclic voltammogram. The presence of peak 
current response(s) indicates the occurrence(s) of electrochemical reactions on an electrode material 
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within the given potential range. Moreover, a pair of redox peaks on the initial sweep and the reverse 
sweep is useful to determine the reversibility of the redox reaction. 
 
3.5.2 Stability test  
The stability of the catalysts was evaluated in chronoamperometry measurements at a potential 
of 0.7 V vs Ag|AgCl (3 M NaCl) for 10,000 seconds in 0.1 M NaOH solution. 
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4.1 Abstract 
The perovskite Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is one of the best catalysts for the oxygen 
evolution reaction (OER) critical to many energy storage applications. However, the catalytic activity 
of BSCF perovskites is constrained by a low specific surface area (0.5 m2 g-1). We report here for the 
first time a facile, in-situ template method using tetraethoxysilane (TEOS) to synthesize porous BSCF 
with surface areas up to 32.1 m2 g-1, which to our knowledge is the highest reported surface area in a 
BSCF perovskite, and with excellent catalytic activity for OER. For example, the BCSF prepared 
using a TEOS to BSCF ratio of 3.4 exhibited up to 35.2 A g-1 at 1.63 V versus a reversible hydrogen 
electrode (overpotential, η=0.4 V) and this current is 5.3 times that exhibited by non-porous BSCF 
(6.6 A g-1). The high activity of the porous BCSF is attributed to the additional catalytic surface sites 
available in the pores created by the in-situ TEOS template method. The general application of this 
technique to produce porous perovskites is demonstrated in the synthesis of a second example, porous 
LaMnO3. 
 
4.2 Introduction 
  The generation of hydrogen by electrochemical water-splitting is a potential route to store 
energy from intermittent renewable energy sources such as solar or wind.[1, 2] However, the 
development of efficient and cost-effective water splitting technologies is limited by the kinetics of 
the oxygen evolution reaction (OER; 4OH- → O2 + 2H2O + 4e- in alkali or 2H2O → O2 + 4H+ + 4e- 
in acid), which can be slow even when state-of-the-art precious metal catalysts such as iridium oxide 
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(IrO2) and ruthenium oxide (RuO2) are applied.[2] A potential alternative class of low cost catalysts 
to the precious metal oxide catalysts is ABO3 perovskites composed of an alkali or a rare earth metal 
(A) with a transition metal or metals (B) show promise as lower cost alternatives, and of these 
materials Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite (BSCF) has been reported to have one of the highest 
intrinsic OER activities due to an optimal eg orbital filling that is close to unity.[3, 4] To realise the 
full advantage of the intrinsic OER activity of BSCF it is desirable to maximise the surface area to 
mass ratio of the catalyst. We demonstrate here that the mass-normalised OER activity of BSCF can 
be enhanced fivefold by preparation of high specific surface area perovskites using an in-situ silica 
sol-gel template method. 
The conventional approach used in catalysis to increase the specific surface area (SSA) of an 
active phase is to prepare nanoparticle, either supported on an inert structure such as porous alumina 
or in a colloidal suspension. Lee et al.[2] reported such an approach for the preparation of rutile IrO2 
and rutile RuO2 nanocatalysts. Recently, BaTiO3 type perovskite nanocrystals have been successfully 
synthesised at low temperature using the vapor diffusion sol-gel method by Brutchey et al.[5, 6] 
However, the nanoparticle approach is less suitable for the preparation of perovskites as the high 
temperatures – approximately 900 °C for BSCF – required to calcine the perovskite can sinter the 
nanoparticles and result in low SSAs. Instead many researchers have investigated hard templating 
methods as a means to produce porous perovskites.[7] For example: (i) Zhao et al. prepared three 
dimensional LaxSr1-xFeO3-δ with poly (methyl methacrylate) (PMMA) microspheres;[8] (ii) Sadakane 
et al. prepared porous LaxSr1-xFeO3-δ catalysts with colloidal polystyrene microspheres;[9] and Jiang 
et al.[10] and Lanfield et al.[7] each prepared strontium-based perovskites with cellulose derived 
templates. A summary of porous perovskites prepared from templating methods is provided in Table 
S4-1 of the Supporting Information. One of the highest surface area perovskites reported in the 
literature is a partly ordered mesoporous LaFe0.4Co0.6O3 catalyst with a SSA of 163 m
2 g-1 that was 
synthesized by Wang et al. using the mesoporous silica KIT-6 as a template.[11] We attempted to 
follow Wang et al.’s approach to prepare BSCF perovskite using a commercial mesoporous silica 
(Davisil Grade 643) but found the large grain size of the mesoporous silica hindered the formation of 
a crystalline BSCF phase (Fig. S4-1). Furthermore, the multi-stage preparation process for 
mesoporous silica templates is itself an expensive operation and thus a porous perovskite produced 
by this method is unlikely to be cost-effective. 
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In this study, our approach was the direct hydrolysis of tetraethoxysilane (TEOS) as a template 
particle concurrently and in situ with the BSCF precursor solution to form a homogenous sol. Scheme 
4-1 illustrates the synthesis procedure and experimental details are provided in the Supporting 
Information. The TEOS + BSCF precursor gel was combusted at 260 °C then calcined at 900 °C, 
after which the solid was soaked in 2 M NaOH for 24 hours to dissolve silica impurities and leave a 
porous BSCF perovskite with a hierarchical pore structure. The effect of the silica on BSCF properties 
was investigated by varying the TEOS to BSCF precursor ratio and comparing results of the in-situ 
TEOS template method to results obtained with preformed silica nanoparticles and preformed 
mesoporous silica (see Fig. S4-1). The key difference between our in-situ templating approach and 
the conventional preformed hard template methods is that mixture of TEOS + BCSF precursor 
solutions allows the formation of reactive nanosize silica species[12] that can either react with other 
species to form impurities, such as Sr2CoSi2O7 (see Fig. S4-2) observed by Porras-Vazquez et al. in 
BSCF doping studies,[13] or precipitate as amorphous silica phases[14]. The Si-doped impurities are 
partly removed by the NaOH washing to leave voids in the BSCF perovskite structure.  
 
 
Scheme 4-1. Schematic illustration of porous Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite (BSCF) synthesis 
using a one pot TEOS template method. 
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4.3 Results and discussion 
The almost complete removal of the silica phase from the BSCF is evidenced by the X-ray 
diffraction (XRD) patterns in Fig. 4-1, which show a BSCF peak around 2θ = 31.7°, and in Table 4-
1 by the low concentrations of Si measured by energy dispersive spectroscopy (EDS). The residual 
silica concentration increased with the TEOS to BSCF ratio up to 2.3 at.% Si. Also the XRD peak for 
BSCF shifts towards 2θ = 31.9° for higher TEOS and residual silica concentrations, and this shift 
may indicate a contraction of the BSCF lattice structure when doped with Si ions.[14] The structures 
and lattice parameters were further determined by Le Bail fitting of the XRD patterns (Table S4-2). 
It was found that the porous BSCF samples maintained the cubic Pm-3m crystal structure of the 
pristine BSCF perovskite. The weak lattice parameters decrease might stem from trace of Si ions 
doped into the perovskite lattice (< 0.5%). This also indicated that most Si existed in the samples as 
residual impurities. Therefore, the insignificant changes in the structure of the porous BSCF catalysts 
might have but a minor effect on the electrocatalytic performance. In the zoom-in XRD patterns, (Fig. 
4-1b) a minor peak around 2θ = 31.4° is observed and this peak is attributed to the small quantities 
of Si impurities that were not removed by the NaOH. 
 
Figure 4-1. XRD patterns of porous BSCF perovskites prepared with different TEOS to BSCF 
ratios: (a) 2θ from 10° - 90° and (b) 2θ from 30° - 34°. 
 
The data in Table 4-1 shows the concentration of residual silica increased with the amount of 
TEOS used in the synthesis. Incorporation of an insoluble non-barium containing phase such as 
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Sr2CoSi2O7 in the BSCF perovskite would leave an excess of Ba ions in the synthesis system that 
were more readily washed away by NaOH, thus leaving a lower final Ba concentration in the 
perovskite. (Concentrations of Sr, Co, Fe and O did not change significantly.) We checked the effect 
of the NaOH washing treatment on the BSCF elemental composition by washing a non-porous BSCF 
sample in 2 M NaOH and observed that the Ba content dropped from 13.2 %at. to 12.6 %at.: this 
treatment created an amorphous layer on the perovskite surface but did not alter the porous structure 
significantly. The differences in elemental compositions, together with feature at 2θ = 31.4° in the 
XRD patterns, indicate that the relative concentration of TEOS in the gel with BSCF precursor affects 
the type of silica species formed in the calcined product; that is the formation of insoluble silica 
compounds is favoured at higher TEOS concentrations. The trend in the SSA with TEOS 
concentration in Table 4-1 highlights that the removal of the soluble Si phase is a key to the 
development of porosity in the BSCF perovskite. This hypothesis is confirmed in the SEM and TEM 
images (Fig. 4-2) which show segregated micro domains left after the leaching of the amorphous Si 
from the perovskite BSCF-X3.4. Figure 4-2e clearly shows the intracrystalline pores in BSCF-X3.4. 
The lattice parameter a 0.28 * √2= 0.3959 nm could be determined from Figure 4-2f, which is in 
excellent agreement with the reported unit cell parameters for the cubic perovskite unit cell.[15, 16]  
 
Table 4-1. Elemental composition of BSCF perovskites determined by EDS and specific surface 
area (SSA) calculated with the BET equation from N2 isotherms measured at 77 K. 
Catalyst Atomic ratio of elements (%at.) SSA  
(m2 g-1) 
 Si Ba Sr Co Fe O  
BSCF 0 13.2 10.2 21.4 5.2 50.0 0.5 
BSCF-X1 1.3 11.9 10.0 21.2 4.9 50.7 8.6 
BSCF-X2 1.6 11.4 9.6 21.4 5.3 50.8 10.3 
BSCF-X3 1.8 10.9 9.5 21.5 5.4 50.9 21.4 
BSCF-X3.4 2.1 10.3 9.6 21.6 5.3 51.1 32.1 
BSCF-X4 2.3 10.5 9.5 21.4 5.2 51.1 16.8 
BSCF-X5 2.4 10.4 9.0 21.6 5.3 51.2 13.0 
 
 
56 
 
 
Figure 4-2. SEM and TEM images of porous and non-porous BSCF perovskite. SEM: (a) BSCF, 
(b) BSCF-X3.4; TEM: (c) BSCF, (d-f) BSCF-X3.4 at different magnification. 
 
Representative N2 sorption isotherms measured at 77 K on the BSCF perovskites are shown 
in Fig. 4-3a; isotherms for the other porous BSCFs are included in the Supporting Information. The 
surface area of 32.1 m2 g-1 obtained for BSCF-X3.4 is an increase in surface area of more than 60 
times non-porous BSCF. The conventionally prepared BSCF exhibits a Type II isotherm typical of 
non-porous materials. In contrast, the BSCFs prepared by the in-situ TEOS templating method show 
a sharp increase in N2 uptake at low relative pressures (P/P0 < 0.1), which is attributed to micropores 
less than 2 nm wide, plus a continued increase in N2 adsorption across the measured pressure range. 
This second feature in the porous BSCF isotherms indicates a broad distribution of widths in 
mesopores and macropores (including interstitial voids between BSCF particles as seen in SEM Fig. 
4-2). The volume of pores with widths up to 2 nm does not vary significantly with the TEOS to BSCF 
ratio: these pores are intracrystalline pores (Fig. 4-3b). The volume of the mesopores in the size range 
3 – 10 nm replicates the volume that was occupied by NaOH soluble silica impurities before alkaline 
treatment, and the volume of pores in this size range is a maximum in the perovskite prepared with a 
TEOS to BSCF ratio of 3.4 (BSCF-X3.4). The drop in SSAs and mesopore volumes for BSCF-X4 
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and BSCF-X5 is consistent with the trend observed in the XRD and EDS data that shows the 
concentration of the insoluble silica phase increased, at the expense of the amorphous phase, for 
TEOS ratios greater than 3.4. To demonstrate the in-situ TEOS templating method can be employed 
to synthesize other types of porous perovskites we prepared a porous LaMnO3 perovskite, which is a 
material that has been extensively studied as an air electrode.[17] Using our in-situ TEOS templating 
method we were able to increase the surface area of LaMnO3 from 14.6 m
2 g-1 to 21.0 m2 g-1 (Fig. 
S4-5).  
 
Figure 4-3. (a) Representative N2 sorption isotherms on BSCF perovskites measured at 77 K and 
(b) pore size distributions calculated with a density functional theory algorithm. Isotherms of the 
other BSCFs are included in the Supporting Information. 
 
The enhancement of mass-normalised OER activity achieved with porous BSCF perovskites 
was evaluated in an O2-saturated 0.1 M KOH solution at 1600 rpm (Fig. 4-4(a) and Fig. S4-6). The 
slopes of the Tefal curves decreased from 86 mV dec-1 to 62 mV dec-1 (Fig. 4-4(b)) and, as expected, 
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the OER current density increased with the SSA of the BSCF electrodes (Fig. 4-4(c)). At 1.63 V vs. 
RHE (overpotential (η) of 0.4 V), the perovskite BSCF-3.4 with a SSA of  32.1 m2 g-1 exhibited the 
highest OER current density of 35.2 A g-1, which is 5.3 times that of the non-porous BSCF (6.6 A g-
1). Notably, the 5.3 fold increase in OER activity achieved in this study was even larger than the 2-3 
fold increases achieved by Jung et al. with La-doping of perovskites.[2b]  
 
Figure 4-4.  (a) Representative OER current densities of GC-supported thin film porous BSCF 
electrocatalysts at 1600 rpm in O2-saturated 0.1 M KOH at 10 mV s
−1. (b) OER mass activities for 
thin film porous electrocatalysts. OER activities of the other BSCFs are included in the Supporting 
Information. (c) OER current densities of GC-supported thin film porous BSCF electrocatalysts vs 
SSA at 1600 rpm in O2-saturated 0.1 M KOH at 10 mV s
−1 (ŋ = 0.4 V ). 
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The results for BSCF-X1.0 with a SSA of 8.6 m2 g-1 in Fig. 4-4(c) highlight that silica-containing 
impurities introduced in the template synthesis method can have a negative effect on catalytic 
performance as these impurities may reduce the electrodes conductivity. This implies the 
electrocatalytic performance is closely related to microstructural properties of the catalyst. Ongoing 
studies in our laboratory seek to fully understand the mechanisms for improved catalytic performance 
in the porous BSCF perovskites and to optimize the synthesis procedure to reduce residual 
concentrations of Si-doped impurities. 
 
4.4 Conclusions 
We developed a novel in-situ TEOS templating method to prepare porous BSCF perovskites 
with hierarchical pore structures specific surface areas of 8.6 – 32.1 m2 g-1. The TEOS formed 
amorphous silica nanoparticles in a homogenous gel with the BSCF precursor and, when the silica 
was removed from the calcined BSCF, this template left 3 – 10 nm wide mesopores in the perovskite. 
The highest surface area BSCF exhibited a mass-normalised OER activity 5.3 times greater than the 
non-porous BSCF prepared by conventional synthesis. The mass-normalised activities of the porous 
BSCFs reported here are comparable with the most active precious metal oxide catalysts reported in 
the literature (e.g. IrO2, Ru2[2]) and could form the basis of a low-cost, efficient energy storage 
technology. 
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Table S4-1  Summary of porous perovskites prepared from templating methods. 
Material Template BET surface area 
(m2 g-1) 
Catalytic application Citation 
Substituted 
SrCoOx 
Cellulose  
(filter paper) 
0.5 - 12.4 Oxidative activation of 
methane 
Ref. 5,6 
LaXSr1-XFeO3-δ PMMA 
microshperes 
8.1 - 26.6 Oxidative removal of 
toluene 
Ref. 7 
LaXSr1-XFeO3-δ Polystyrene 
microspheres 
24 - 49 Combustion of carbon Ref. 8 
SrNb0.1Fe0.9O3-δ Cellulose 
(cotton) 
9.0 Oxygen reduction 
reaction 
Ref. 9 
LaFexCo1-xO3 Mesoporous 
silica (KIT-6) 
118 - 163 Oxygen reduction 
reaction 
Ref. 10 
 
Experimental 
Materials  
Barium nitrate (Ba(NO3)2, 99%), strontium nitrate (Sr(NO3)2, 99%), cobalt (II) nitrate 
hexahydrate (Co(NO3)2∙6H2O, 98%), iron (III) nitrate nonahydrate (Fe(NO3)3 ∙9H2O, 98%), 
manganese (II) acetate hexahydrate (Mn(CH3COO)2∙6H2O, 99%), silica gel (Davisil Grade 643) and 
tetraethoxy silane (TEOS, 98%) were purchased from Aldrich Chemical, while Lanthanum (III) 
nitrate hexahydrate (La(NO3)3∙6H2O, 99.9%) was obtained from Alfa-Aesar Co. Ltd. 
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Ethylenediaminetetraacetic acid (EDTA) was purchased from Ajax Finechem. Citric acid 
monohydrate and ammonia solution (30 wt%) were purchased from Chem-Supply Pty. Ltd.. 
Synthesis of porous BSCF perovskite catalysts 
A combined EDTA-citrate complexing sol-gel method was applied to synthesize porous 
BSCF perovskite catalysts. Solution A was prepared by dissolving 3.2669 g Ba(NO3)2, 2.6454 g 
Sr(NO3)2, 5.8206 g Co(NO3)2∙6H2O and 2.0200 g Fe(NO3)3 ∙9H2O with 100 ml deionized water.  7.31 
g EDTA and 10.51 g citric acid monohydrate were added into 50 ml deionized water to make a 
suspension, then 20 ml ammonium hydroxide solution (30 wt%) was added under stirring to make a 
homogeneous solution B. Solution B was added into solution A under stirring to make sol C. Certain 
amount of TEOS was mixed with 10 ml ethanol according to the molecular ratio of TEOS to BSCF 
(Y : 1, where Y = 1.0, 2.0, 3.0, 3.4, 4.0, 5.0) to make solution D. Afterward, additional 10 ml ethanol 
was added into sol C before solution D was added dropwise into sol C under stirring to make a mixture. 
The mixture was stirred and heated on a hotplate (80 ⁰C) until a dense gel was formed (for about 7 
h).  The gel was combusted in an oven at 260 ⁰C overnight. The formation of BSCF perovskite was 
performed by calcination of the combusted mixture in a Muffle furnace at 900 ⁰C for 5 h with a 
heating rate of 5 ⁰C min-1. 3 g perovskite thus obtained was alkaline treated with 60 ml NaOH solution 
(2 M) on a hotplate (50 ⁰C) under stirring for 24 h to remove the in-situ formed template. The sample 
was filtered and rinsed with copious deionized water until the pH of the filtrate is neutral and then 
dried overnight. The final products were designated as BSCF-XY (X = TEOS, Y = 1.0, 2.0, 3.0, 3.4, 
4.0, 5.0) according to the different template to product molecular ratio. 
Synthesis of non-porous BSCF perovskite catalysts 
The synthesis of non-porous BSCF perovskite catalysts was similar to the porous BSCF 
samples except no TEOS added and no alkaline treatment performed. Sol C was prepared with 
aforementioned steps. After additional 20 ml ethanol was added into sol C, the mixture was stirred 
and heated on a hotplate (80 ⁰C) until a dense gel was formed (for about 7 h). The combustion and 
calcination were performed using the same parameters. The final product was designated as BSCF. 
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Synthesis of BSCF perovskite using pre-formed silica nanoparticles as hard template 
Synthesis of BSCF perovskite using pre-formed silica nanoparticles as hard template is similar 
to the non-porous sample except TEOS was hydrolysed in solution B to form silica nanoparticles. 
Solution A and solution B were prepared with aforementioned steps. 5.21 g TEOS was added into 
solution B and stirred for 3 h at room temperature to form a suspension with silica nanoparticles well-
dispersed in it. Sol C was prepared by adding this suspension into solution A. After additional 20 ml 
ethanol was added into sol C, the mixture was stirred and heated on a hotplate (80 ⁰C) until a dense 
gel was formed (for about 7 h). The combustion and calcination were performed using the same 
parameters. The final product was designated as BSCF-NP. 
Synthesis of BSCF perovskite using mesoporous silica gel as hard template 
The synthesis of BSCF perovskite using mesoporous silica gel as hard template was similar 
to the non-porous sample except mesoporous silica gel was added as hard template. Sol C was 
prepared with aforementioned steps. After additional 20 ml ethanol and 1.502 g mesoporous silica 
gel (Davisil Grade 643 with pore diameter of 15 nm) was added into sol C, the mixture was stirred 
and heated on a hotplate (80 ⁰C) until a dense gel was formed (for about 7 h). The combustion and 
calcination were performed using the same parameters. The final product was designated as BSCF-
SG. 
Synthesis of porous LaMnO3 perovskite  
The synthesis of porous LaMnO3 perovskite was similar to the porous BSCF perovskites 
except the preparation of solution A. Solution A was obtained by dissolving 10.8253 g 
La(NO3)3∙6H2O and 6.1273 g  Mn(CH3COO)2∙6H2O in 100 ml deionized water. Solution B was 
prepared with aforementioned steps. Solution B was added into solution A under stirring to make sol 
C. 5.21 g TEOS was mixed with 10 ml ethanol to make solution D. Afterward, additional 10 ml 
ethanol was added into sol C before solution D was added dropwise into sol C under stirring to make 
a mixture. The mixture was stirred and heated on a hotplate (80 ⁰C) until a dense gel was formed (for 
about 7 h). The combustion and calcination were performed using the same parameters. The final 
product was designated as LaMnO3-X1.0. 
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Synthesis of non-porous LaMnO3 perovskite  
The synthesis of non-porous LaMnO3 perovskite catalysts was similar to the porous LaMnO3 
samples except no TEOS added and no alkaline treatment performed. Sol C was prepared with 
aforementioned steps. After additional 20 ml ethanol was added into sol C, the mixture was stirred 
and heated on a hotplate (80 ⁰C) until a dense gel was formed (for about 7 h). The combustion and 
calcination were performed using the same parameters. The final product was designated as LaMnO3. 
Characterisation 
X-ray diffraction (XRD) patterns (2θ, 10–90°) were recorded on a Bruker D8-Advanced X-
ray diffractometer using nickel-filtered Cu-Kα radiation. N2 physisorption was performed at 77 K on 
Micromeritics TriStar II 3020, after degassing the samples for 12 h at 150 °C before test. Total SSAs 
were determined according to the BET method and the pore distributions were determined by the 
DFT model. The morphology of the samples was observed on JEOL JSM-6610 scanning electron 
microscopy (SEM) at an acceleration voltage of 10 kV. The X-ray energy dispersive spectroscopy 
(EDS) was also conducted on JEOL JSM-6610 at an acceleration voltage of 25 kV. The high 
resolution transmission electron microscopy (HRTEM) was recorded on a JEOL 2100 microscope 
operated at 200 kV.  
Fabrication of thin film electrode 
BSCF perovskites were mixed with as-received carbon (Super C65) from TIMCAL 
C’NERGY at a 1:1 mass to remove any electronic conductivity limitations within the thin film 
electrodes. The electrocatalyst suspension was prepared by sonication of perovskite (10 mg), carbon 
mixture (10 mg), ethanol (1 mL) and Nafion solution (5 wt %, 100 µL) for 30 min. An aliquot of 5 
µL of suspension was drop-casted onto a glassy carbon disk electrode (4 mm diameter, 0.126 cm2 
area) and left to dry under a glass jar. 
Electrochemical characterization 
Voltammetric experiments were performed with a Biologic VMP2/Z multichannel 
potentiostat. RDE voltammograms were obtained in an O2 (99.999%) saturated 0.1 M KOH solution 
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at 10 mV s-1 at room temperature using a platinum wire counter electrode and a Ag|AgCl (3M NaCl) 
reference electrode, which was calibrated with respect to reversible hydrogen electrode (RHE). The 
calibration was performed in the high purity hydrogen saturated electrolyte with a Pt wire as the 
working electrode. CVs were run at a scan rate of 1 mV s−1, and the average of the two potentials at 
which the current crossed zero was taken to be the thermodynamic potential for the hydrogen 
electrode reactions. All the potentials in this study are iR-corrected potentials to compensate for the 
effect of solution resistance, which were calculated by the following equation: 
E (iR-corrected) = E-iR    (Equation 4-1) 
Where i is the current and R is the uncompensated ohmic electrolyte resistance (55 Ω) measured via 
high frequency ac impedance in O2
-saturated 0.1 M KOH.  
 
Table S4-2 Structure parameters of porous BSCF perovskites catalysts determined by Le Bail 
fitting. 
Catalyst Crystal Structure Lattice Parameter (Å) 
BSCF Pm-3m a = 3.989(7)  
BSCF-X1.0 Pm-3m a = 3.982(7) 
BSCF-X2.0 Pm-3m a = 3.980(0) 
BSCF-X3.0 Pm-3m a = 3.979(1) 
BSCF-X3.4 Pm-3m a = 3.976(7) 
BSCF-X4.0 Pm-3m a = 3.973(4) 
BSCF-X5.0 Pm-3m a =3.969(5) 
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Fig. S4-1  XRD patterns of BSCF, BSCF-SG and BSCF-NP. 
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Fig. S4-2  Standard XRD stick patterns of Sr2CoSi2O7. 
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Fig. S4-3  (a) N2 sorption isotherms on the other BSCF perovskites measured at 77 K and (b) pore 
size distributions calculated with a density functional theory algorithm. 
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Fig. S4-4  XRD patterns of LaMnO3 and LaMnO3-X1.0. 
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Fig. S4-5  N2 sorption isotherms of LaMnO3 and LaMnO3-X1.0. 
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Fig. S4-6  (a) OER current densities of the other GC-supported thin film porous BSCF 
electrocatalysts at 1600 rpm in O2-saturated 0.1 M KOH at 10 mV s
−1. (b) OER mass activities for 
thin film porous electrocatalysts. 
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5.1 Abstract 
  We report amorphous nickel carbonate particles as catalysts for the oxygen evolution reaction 
(OER), which plays a critical role in the electrochemical splitting of water. The amorphous nickel 
carbonate particles can be prepared at a temperature as low as 60 °C by an evaporation-induced 
precipitation (EIP) method. The products featured hierarchical pore structures. The mass normalised 
activity of these catalysts measured at an overpotential of 0.35 V was 55.1 A g-1, with a Tafel slope 
of only 60 mV dec-1. This catalytic activity is superior to the performance of crystalline NiOx particles 
and β-Ni(OH)2 particles we tested, and compare favourably with state-of-the-art RuO2 catalysts. The 
activity of the amorphous nickel carbonate was remarkably stable during a 10000 s 
chronoamperometry test. Further optimization of synthesis parameters revealed that the amorphous 
structure could be tuned by adjusting the H2O:Ni ratio in the precursor mixture.  These results suggest 
the potential application of easily prepared hierarchical basic nickel carbonate particles as cheap and 
robust OER catalysts with high activity. 
 
5.2 Introduction 
The oxygen evolution reaction (OER), when coupled with the hydrogen evolution reaction, 
may be a viable electrochemical water splitting route to produce hydrogen for storage of intermittent 
solar or wind energy.[1, 2] However, the kinetics of the OER are slow[2-5] and large-scale 
development of this electrochemical water splitting technology is restricted by the high cost and 
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scarcity of the current state-of-the-art noble metal oxide OER catalysts, such as crystalline RuO2 and 
IrO2[6-8]. Nickel oxides are one of the most promising potential OER catalysts reported from the 
monometallic oxides of 3d-orbital transition metals (including Fe, Co, Ni and Mn) that have been 
investigated as alternatives to RuO2 and IrO2[6, 9-13]. For example, Smith et al.[1] prepared a thin-
film amorphous NiOx with activities comparable to a commercial RuO2 catalyst from a photochemical 
route, and Qiu et al.[6] reported carbon-supported amorphous Ni-Fe catalysts with a Tafel slope of 
30 mV dec-1 and an overpotential of 280 mV at 10 mA cm-2 in 1.0 M KOH. These activities are lower 
than the well-known Ir/C catalysts (305 mV overpotential at 10 mA cm-2, 44 mV dec-1 Tafel slope). 
Although these examples highlight the potential OER activity of amorphous NiOx materials, 
the production of amorphous metal-oxide materials typically requires high-technology synthesis 
methods such as thin film deposition (electrodeposition)[14, 15] or modified organic solution phase 
reduction[6, 16], which are expensive and difficult to scale-up for large production volumes. We 
report an alternative approach to produce amorphous nickel carbonate using a low-temperature 
evaporation-induced precipitation (EIP) method, in which it is the ammonia molecules evaporated 
from the reaction solution. Our results show that the amorphous structure of the nickel carbonate can 
be optimised by control of the Ni concentration in the precursor solution – experiments were made 
with X=(2.5,10, and 20) mmol Ni(NO3)2∙6H2O in a total reaction volumes of 290 ml - to obtain a 
high activity and stable catalyst for the OER. The catalysts produced by the EIP method are labelled 
as X-Ni-Amor and details on the syntheses are provided in the Supplementary Information. These 
results suggest amorphous basic nickel carbonate nanoparticles are a potential candidate for further 
investigation as an economically viable and practical OER catalyst for electrochemical water splitting. 
 
5.3 Results and discussion 
Our results indicate that the 2.5-Ni-Amor and 10-Ni-Amor can be described as basic nickel 
carbonate structures formed by two elementary units: Ni(OH)2 and NiCO3. The XRD patterns in 
Fig. 5-1 show typical patterns for NiO[17] and β-Ni(OH)2[2] phases, respectively, in crystalline NiOx 
(2.5-Ni-Crys) prepared by the calcination of the 2.5-Ni-Amor EIP catalyst and nickel hydroxide 
particles (2.5-Ni-Beta) prepared by drop wise addition of NaOH (aq) to a Ni(NO)3 solution. In 
contrast, the XRD patterns for 2.5-Ni-Amor and 10-Ni-Amor do not feature significant peaks that can 
be associated with NiO or β-Ni(OH)2 phases, which indicates that these two samples are highly 
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amorphous structures. There are minor peaks in the 2.5-Ni-Amor and 10-Ni-Amor patterns at 
2θ = 11.3° that may be assigned to (003) plane of α-Ni(OH)2 phase. In 20-Ni-Amor, prepared with 
higher concentrations Ni(NO3)2 and Na2CO3 precursor concentrations, XRD peaks developed at 2θ = 
33.6° and 59.8° corresponded to the (101) and (110) planes of α-Ni(OH)2 phase, respectively. These 
results indicate that low concentrations of Ni(NO3)2 and Na2CO3 are more favourable for the synthesis 
of an amorphous basic nickel carbonate particle. Further evidence of 2.5-Ni-Amor’s structure is 
provided by XPS, FTIR and TGA; and based on this data a possible mechanism for synthesis of the 
amorphous, basic nickel carbonate is proposed. 
 
 
Figure 5-1. XRD patterns of samples produced under different experimental conditions. 
 
The XPS data in Fig. 5-2 confirm 2.5-Ni-Amor is a mixture of NiCO3 and Ni(OH)2 phases. 
In the Ni 2p survey a Ni 2p3/2 peak at 855.4 eV attributed to Ni
2+ species in NiCO3 and Ni(OH)2)[18] 
and Ni 2p1/2 around 873.2 eV characteristic of Ni(OH)2 [19]. Two distinct peaks at 284.5 eV and 
288.6 eV in the C 1s spectra can be associated with adventitious carbon and carbonate species.[20] 
In the O 1s spectra, the strong signal at 530.8 eV can be attributed to the overlap of Ni(OH)- bound 
hydroxide species and NiCO3 bound carbonate species and H2O. Therefore, the amorphous Ni-type 
catalyst was ascribed to be a mixture of NiCO3 and Ni(OH)2. 
75 
 
 
Figure 5-2. XPS spectrum of  basic amorphous nickel carbonate catalyst 2.5-Ni-Amor prepared by 
evaporation-induced precipitation from solutions of Ni(NO3)2 with Na2CO3. 
 
In the FTIR spectrum measured for 2.5-Ni-Amor (Fig. S5-1) the indications of a carbonate 
phase include (1) the adsorption at 1474 cm-1 which is attributed to carbonate ions vibrations [21] and 
(2) the vibration band around 1375 cm-1 which is characteristic of carbonate anions in D3h planar 
symmetry.[22] The IR adsorption band at wave lengths less than 650 cm-1 corresponds to Ni–OH 
bending vibrations.[23] The narrow adsorption band at 3646 cm-1 originated from the –OH groups in 
the brucite-like structure[21]. The broad band around 3500 cm-1 and the band at 1624 cm-1 were due 
to the stretching and bending modes respectively of adsorbed and structural intercalated water 
molecules.[22]  
Fig. S5-2 presents the TGA weight loss curve for 2.5-Ni-Amor heated in air from 30 – 600 °C. 
At temperatures less than 210 °C the weight loss is the removal of adsorbed water from the sample. 
The weight loss step observed from 210 °C results from decomposition of the nickel carbonate species 
and removal of intercalated water molecules.[22] The NiCO3 decomposition is complete at 
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temperatures of 600 °C. The residual mass of 74.6 % was assumed to be NiOx and this value was 
used to calculate the TOF (see experimental: calculation method). 
 
 
Scheme 5-1. Procedure of preparation of crystalline nickel hydroxide (a) and amorphous basic 
nickel carbonate precipitates (b). Ni(1) stands for Ni(II) in Ni(NO3)2 and Ni(OH)2; Ni(2) stands for 
Ni(II) in NiCO3. 
 
In Scheme 5-1, we propose a possible mechanism to explain the amorphous hierarchical basic 
nickel carbonate structures. The structure of the product can be controlled by adjusting the relative 
concentrations of OH- and CO3
2- in the synthesis system. It is well known that solutions with high 
alkalinity such as metal hydroxide solution,[24-26] ammonia solution[27] and alkaline organic 
solvent[26, 28] have been used to produce Ni(OH)2 with good crystallinity. In these synthesis systems 
(Scheme 5-1a), Ni2+ directly reacts with OH- to produce crystalline Ni(OH)2. By contrast, the 
formation of hierarchical basic nickel carbonate structures is based on competitive nucleation and 
growth of Ni(OH)2 and NiCO3 using the EIP method shown in Scheme 5-1b. The ammonia added to 
the nickel nitrate precursor solution (A) in our synthesis forms a Ni(NH3)m
2+ complex that remains 
stable in a mild alkaline solution such as Na2CO3. However, when heated to 60 °C, the Ni(NH3)m
2+ 
complex decomposes[29] and the Ni2+ released from the complex is available to react with OH- or 
CO3
2- ions to precipitate as Ni(OH)2 and NiCO3 nanosheets that produce the amorphous hierarchical 
precipitates. In our system, Na2CO3 served as both a carbonate source and a pH modifier. A constant 
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Na2CO3/Ni molecular ratio of 2 was applied to ensure a complete Ni
2+ precipitation and therefore the 
variable manipulated to control [CO3
2-] was the volume of water in the mixture. Thus, [CO3
2-] was 
the main factor influencing the solution chemistry and the development of the nickel carbonate 
structures. For 20-Ni-Amor, an excess amount of CO3
2- would increase the alkalinity of the solution, 
favouring the hydrolysis of Ni2+ to produce α-Ni(OH)2. In the synthesis mixture of 2.5-Ni-Amor and 
10-Ni-Amor, the [CO3
2-] was relatively low and the formation of Ni(OH)2 and NiCO3 was balanced. 
The morphologies of crystalline NiO, β-Ni(OH)2 and the 2.5-Ni-Amor sample are shown in 
the electron microscopy images in Fig. 5-3. The hierarchical structure with sponge-like morphology 
of 2.5-Ni-Amor can be clearly observed from Fig. 5-3a and this structure has some features common 
to amorphous Ni(OH)2 nanospheres[19] prepared by electrolysing pure nickel in high-purity 
deionized water at a high potential. High-resolution TEM image (Fig 5-3d) revealed that the particles 
were assembled by numerous ultrathin nanosheets, as validated the proposed formation mechanism. 
The 2.5-Ni-Beta is highly disordered and the morphology of this sample is similar to flocculent 
products reported by other lab[30]. Fig. 5-3c and 3f show 20-40 nm sized NiO particles obtained by 
sintering the amorphous material at 500 °C. 
 
Figure 5-3. SEM and TEM images of crystalline and amorphous Ni-type catalysts. SEM: (a) 2.5-Ni-
Amor, (b) 2.5-Ni-Beta, (c) 2.5-Ni-Crys; TEM: (d) 2.5-Ni-Amor, (e) 2.5-Ni-Beta, (f) 2.5-Ni-Crys. 
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The textural properties of the catalysts are summarised in Table S5-1. The specific surface 
areas (SSA) of the 3 amorphous samples prepared by EIP and the 2.5-Ni-Beta were all greater than 
135 m2 g-1. The 2.5-Ni-Amor and 10-Ni-Amor surface areas are significantly larger than crystalline 
Ni(OH) particles synthesised using organic solvent assisted hydrothermal method (35-68 m2 g-1).[2, 
21, 31] However, there was almost no microporous surface area (< 2 nm) determined in 20-Ni-Amor, 
and this result may suggest a secondary particle piled pore system. This conclusion is consistent with 
the TEM image of 20-Ni-Amor (see Fig. S5-2). Among the amorphous samples, 2.5-Ni-Amor 
exhibited the lowest SSA, as can be attributed to the lowest Ni content in the synthesis mixture. 
According to the proposed formation mechanism, ultrathin nanosheets were accumulated to form the 
amorphous particles. Lower Ni content would produce fewer nanosheets, resulting in sheet-like local 
structure and lower BET surface area of the final product. The sintering process led to a relatively 
low SSA of 39 m2 g-1 for 2.5-Ni-Crys. 
The OER activities of the catalysts were tested in 0.1 M KOH electrolyte. From the cyclic 
voltammetry spectra shown in Fig. 5-4a, a strong Ni(II)/Ni(III) oxidation peak can be observed in the 
oxidation branch. It is recognized that Ni(OH)2 can be oxidated under anodic conditions via a proton 
coupled electrotransfer (PCET) pathway[32]:  
Ni(OH)2 + OH
-
 – e = NiOOH +H2O 
The effect of pH on the electrocatalytic behaviour and the water oxidation mechanism was studied in 
cyclic voltammetry test with 2.5-Ni-Amor at pH 13 and pH 12 (see Fig. S5-2). The catalyst achieved 
a Ni oxidation current density of 0.5 mA cm-2 at ŋ = 188 mV for pH 12 and ŋ = 128 mV at pH 13, 
with the pH versus potential dependence of -60 mV/pH. This result is consistent with the theoretical 
value of -59 mV/pH for a PCET mechanism of one electron and one proton oxidation. The CV curves 
suggest that the amorphous basic carbonate particles were converted into a Ni(OH)2 phase, which 
would be oxidized to form NiOOH species under OER electrocatalytic conditions. It was reported[33, 
34] the NiOOH species served as highly active sites for OER. In this context, the area of the 
Ni(II)/Ni(III) oxidation peak illustrates the capability of samples to transform from freshly prepared 
catalysts into a highly active phase. Obviously, the area of the oxidation peak decreased in the order 
Amor>Beta>Crys, indicating that more Ni species in the  amorphous samples can be transformed into 
the highly active NiOOH phase.  Unlike the β-Ni(OH)2 and NiOx with a large bulk phase, 2.5-Ni-
Amor was assembled by ultrathin nanosheets, as made the Ni species completely exposed upon phase 
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transition, thus resulting in a high OER activity. To avoid overestimating the OER current densities, 
the reduction branch was chosen to investigate the corresponding catalytic parameters. Apparently, 
the amorphous samples outperformed the crystalline catalysts, with 2.5-Ni-Amor showing the best 
catalytic performance.  
 
Figure 5-4. OER current densities (a) and Tafel slopes (b) for Ni-type catalysts with various 
structures. 
 
The detailed catalytic parameters from this study and references are compared in Table 5-1. 
The sample 2.5-Ni-Amor showed the best catalytic parameters. At ŋ = 0.35 V, the OER current 
density was 51.1 A g-1, the Tafel slope was 60 mV dec-1 (Fig. 5-4b), and the TOF value was 0.0133 
s-1. These results are better than that for a commercial RuO2 catalyst reported elsewhere.[2] The 10-
Ni-Amor exhibited a similar Tafel slopes of about 60 mV dec-1 to 2.5-Ni-Amor, which can be 
attributed to β-NiOOH phase.[33] This again indicated the Ni(OH)2/NiOOH phase transition and 
same active species evolved under OER electrocatalytic conditions for these two catalysts. However, 
although 10-Ni-Amor has a larger specific surface area (196 m2 g-1) this sample exhibited a lower 
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mass activity of 33.1 A g-1 than 2.5-Ni-Amor (135 m2 g-1). Ahn et al.[35] reported that O2 bubbles 
generated by the OER may adsorb on the surface of the electrode and lead to a voltage drop at the 
anode during OER process. Therefore, it is possible that the activity of a hierarchical structure with a 
larger SSA may have a reduced OER activity because of the greater amount of O2 adsorption.  
 
Table 5-1. Comparisons of the OER catalytic parameters at η = 0.35 V (1.58 V vs. RHE) in 0.1 M 
KOH from references and our study. 
Catalyst Mass activity (A g-1) Tafel Slope (mV dec-1)a TOF(s-1)b Reference 
2.5-Ni-Crys 7.2 91 0.0014 this study 
2.5-Ni-Beta 14.0 113 0.0034 this study 
2.5-Ni-Amor 51.1 60 0.0133 this study 
10-Ni-Amor 33.1 63 0.0086 this study 
20-Ni-Amor 24.7 89 0.0064 this study 
β-Ni(OH)2 12.5 111 0.0030 ref. 2 
amor-NiOx n.a. 73 n.a. ref. 1 
α-MnO2 23.4c 78 0.0047c ref. 9 
BSCF 6.6d 86 n.a. ref.5 
porous BSCF 35.2d 62 n.a. ref.5 
r-IrO2 3
e n.a. n.a. ref.4 
r-RuO2 11
e n.a. n.a. ref.4 
20wt% Pt/C 10.5 274 0.0053 ref. 3 
RuO2 30.2 90 0.0104 ref. 3 
(a) Tafel equation η = b log(j/j0), η is the overpotential, b is the Tafel slope, j is the current density, 
and j0 is the exchange current density. (b) Turnover frequency. (c) η = 0.45 V. (d) η = 0.4 V. (e) η = 
0.25 V in 0.1 M HClO4.“n.a.” stands for data that are not available from the literature. 
 
As can be seen from Fig. 5-3a, the current particle sizes of amorphous samples were within 
the micron-scale. It is highly desired to nanoscale the amorphous basic nickel particles, so that the 
diffusion path of oxygen can be greatly shortened. Generally, the small particles are prone to 
aggregation during the synthesis due to the large surface energy. By surfactant assisted synthesis, the 
aggregation problem can be effectively avoided.[36] However, the catalysts prepared by such 
methods are often capped by surfactant molecules, which has a negative effect on the catalytic 
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performance.[37] Preparation of amorphous Ni catalysts with surfactants and removal of the 
surfactants in a mild condition will be another research topic in our future study. 
Although the highly amporphous 20-Ni-Amor exhibited a Tafel slope of 89 mv dec-1 that was 
higher than 2.5-Ni-Amor and 10-Ni-Amor, this result may be due to a Ni(OH)2/NiOOH phase 
transition, which Dechialvo et al.[38] reported may reduce the Tafel slope. The phase transition can 
be difficult and incomplete for particles with a bulk phase like 20-Ni-Amor (see Fig. S5-3), leading 
to a relatively high Tafel Slope. This highlighted the effect of the catalyst morphology on OER 
performance. After calcination, the crystalline NiOx nanoparticles showed the lowest OER activity 
with a current density of 7.2 A g-1 and a TOF value of 0.0014 s-1. The sample prepared by conventional 
precipitation method, 2.5-Ni-Beta, exhibited catalytic parameters similar to the reported data of β-
Ni(OH)2 nanoplates,[2] showing a OER current density of 14.0 A g
-1 much lower than the amorphous 
samples. 
The activity of the 2.5-Ni-Amor was stable of the 10000 s chronoamperometry test (see Fig. 
S5-4) conducted at a relatively high potential of 0.7 V vs. Ag|AgCl. This stability is outstanding 
compated to that reported for RuO2 and IrO2, which show continuous decline in OER cycle tests due 
to the large chemical degradation of the catalyst.[2] 
 
5.4  Conclusions 
In conclusion, basic nickel carbonate particles were synthesised at a temperature as low as 
60 °C using an EIP process. The amorphous structure could be tuned by simply adjusting the H2O:Ni 
ratio in the precursor mixture. XRD pattern showed the highly amorphous structure, while N2-
sorption electron microscopy results confirmed hierarchical morphology of the obtained products. 
Spectroscopy (XPS, FTIR) data revealed that the catalysts were composed of Ni(OH)2 and NiCO3. 
Used as OER catalysts, it was found that the highly nanostructured basic nickel carbonate catalysts 
achieved a mass activity of 51.1 A g-1 at a small overpotential of a mere 0.35 V and a small Tafel 
slope of 60 mV dec-1, comparing favourably with the state-of-the-art RuO2 catalysts. No activity loss 
was observed during a 10000 s chronoamperometry test, indicating its outstanding stability under 
harsh OER conditions. By comparing its performance with conventional β-Ni(OH)2 and NiOx 
synthesised in the similar system, we experimentally demonstrate that high OER activities can be 
achieved with amorphous phases. These results suggest the potential application of easily prepared 
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hierarchical basic nickel carbonate particles as cheap and robust OER catalysts with high activity 
comparing to expensive commercial noble metal oxide catalysts such as RuO2 and IrO2. 
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Experimental 
Materials 
Nickel (II) nitrate hexahydrate (Ni(NO3)2∙6H2O, 97%), sodium carbonate (Na2CO3, 99%) and 
ammonia solution (NH3∙H2O, 30%) were purchased from Aldrich Chemical. Sodium hydroxide 
(NaOH, 98%) was obtained from Chem-Supply Pty. Ltd. The water was deionized water. 
 
Catalyst preparation 
The evaporation-induced precipitation of amorphous nickel carbonate began with the 
preparation of two solutions: Solution A contained X mmol of Ni(NO3)2∙6H2O in 200 ml water, where 
X=(2.5, 10, 20) mmol, and Solution B contained 2X mmol Na2CO3 in 50 ml water. Then, 40 ml of 
30 wt% ammonia solution was added to Solution A and this was followed immediately by mixing A 
with B. The mixture was heated to 60 °C and held at this temperature for 4 h. The light green 
precipitate obtained was filtered, rinsed with water and dried overnight at 80 °C to obtain the products 
labelled as X-Ni-Amor.  
Crystalline NiOx nanoparticles (2.5-Ni-Crys) were produced by calcination of the 2.5-Ni-
Amor, prepared by the method described above, at 500 °C for 3 h. 
Nickel hydroxide particles (2.5-Ni-Beta) were prepared by dropwise addition of 5 mmol NaOH in 50 
ml water to 2.5 mmol Ni(NO3)2∙6H2O in 200 ml water. After complete addition of the NaOH solution 
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an extra 40 ml of water was added so that the total volume of the reaction mixture was similar to that 
used to prepare 2.5-Ni-Amor. The precursor solution was stirred at room temperature for 1 h then the 
precipitate was recovered by filtration, washed in water and dried overnight in an oven at 80 °C. 
 
Characterisation 
X-ray diffraction (XRD) patterns (2θ, 10–90°) were recorded on a Bruker D8-Advanced X-
ray diffractometer using nickel-filtered Cu-Kα radiation. N2 sorption was performed at 77 K on a 
Micromeritics TriStar II 3020, after degassing the samples for 12 h at 80 °C. Total specific surface 
areas (SBET) were determined with the BET method. Electron microscope images were collected on 
a JEOL JSM-7001F scanning electron microscopy (SEM) at an acceleration voltage of 10 kV and a 
JEOL 2100 transmission electron microscope operated at 200 kV. Fourier-transform infrared 
spectroscopy (FTIR) was measured from 650-4000 cm-1 on a PerkinElmer Spectrum 100 
spectrometer. X-ray photoelectron spectra were acquired on a Kratos Axis ULTRA X-ray 
photoelectron spectrometer (XPS) incorporating a 165 mm hemispherical electron energy analyser 
and a monochromatic Al Kα (1486.6 eV) radiation at 150 W (15 kV, 10 mA). The binding energies 
were determined using the C1s line at 284.5 eV from adventitious carbon as a reference. 
Thermogravimetric analysis (TGA) was performed under air on a PerkinElmer STA 6000 instrument. 
 
Electrochemical measurements of thin film electrodes 
Thin film electrodes were fabricated by sonication of 10 mg active catalyst and 10 mg carbon 
black (Super C65, TIMCAL C’NERGY) for 30 minutes in 1 mL ethanol with 100 µL 5 %wt. Nafion 
solution. A 5 µL aliquot of this suspension was drop-cast onto a glassy carbon disk electrode (4 mm 
diameter, 0.126 cm2 area) and left to dry under a glass jar. The typical catalyst loading was 0.36 mg 
cm-2. The film’s Ni content was confirmed by conversion of the nickel to NiO in air using TGA.  
Rotating disk electrode (RDE) voltammograms in an O2 (99.999%) saturated 0.1 M KOH solution 
were measured at room temperature with a Biologic VMP2/Z multichannel potentiostat. The 
electrochemical cell had a Pt wire counter electrode and a Ag|AgCl (3M NaCl) reference electrode. 
The reference electrode was calibrated with respect to reversible hydrogen electrode (RHE) in a 
hydrogen saturated electrolyte with a Pt wire as the working electrode. Cyclic voltammograms were 
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measured at a scan rate of 1 mV s−1 and the thermodynamic potential for the hydrogen electrode 
reactions was determined from the mean of the two potentials at which the current crossed zero. All 
potentials reported in this study are iR-corrected potentials calculated by Equation 5-1: 
( ) | 0.937RHE iR corrected Ag AgClE E iR       (Equation 5-1) 
where i is the current and R is the uncompensated ohmic electrolyte resistance (55 Ω) measured via 
high frequency ac impedance in O2-saturated 0.1 M KOH. The current densities were normalized by 
using geometric surface areas. 
The stability of 2.5-Ni-Amor and 2.5-Ni-Beta were evaluated in chronoamperometry 
measurements at a potential of 0.7 V vs Ag|AgCl (3 M NaCl). 
 
Calculation of activity and turnover frequency 
Mass normalised activity (jm, A g
-1) and turnover frequency (TOF) were evaluated at an 
overpotential of η = 0.35 V. The mass normalised activity was calculated from the catalyst loading m 
(0.36 mg cmgeo
-2) and the measured current density jgeo (mA cmgeo
-2): 
geo
m
j
j
m

       (Equation 5-2) 
The key assumptions in calculation of the turnover frequency were: (i) every metal atom was available 
as a reaction site, and (ii) the number of metal atoms was determined by the mass change in the TGA, 
assuming all the Ni was converted to NiO. Turnover frequency was calculated by Equation 5-3, which 
is the commonly used method:[1-5] 
  
4
I
TOF
F n

        (Equation 5-3) 
In Equation 3, I is the measured current at a certain overpotential. F is Faraday’s constant (96485.3 C 
mol-1), and n is the moles of the total active metal atoms drop-cast on the electrode, which was 
calculated using the NiO mass loading in the catalyst film measured by TGA. 
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Figure S5-1. FTIR spectrum of 2.5-Ni-Amor prepared by evaporation-induced precipitation from 
solutions Ni(NO3)2 with Na2CO3. 
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Figure S5-2. Thermogravimetric analysis curve of the 2.5-Ni-Amor in air at a heating rate of 5 °C  
min-1. 
 
 
 
 
 
Figure S5-3. High-resolution TEM images of 20-Ni-Amor at different magnifications. 
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Figure S5-4. Cyclic voltammetry curve of 2.5-Ni-Amor in KOH (0.01 M) solution. 
 
 
Figure S5-5. Chronoamperometry curves of 2.5-Ni-Amor and 2.5-Ni-Conv. 
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Table S5-1. Summary of surface textural properties of the nickel based catalysts determined from N2 
sorption analyses at -196 °C. 
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Catalyst SBET (m
2 g-1) Smicro (m
2 g-1) Sext (m
2 g-1) 
2.5-Ni-Crys 39 0 39 
2.5-Ni-Beta 157 55 102 
2.5-Ni-Amor 135 34 101 
10-Ni-Amor 196 48 148 
20-Ni-Amor 198 2 196 
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6.1 Abstract 
We report a novel magnetic field assisted chemical reduction method for the synthesis of 
boron-doped Ni/Fe nano-chains as promising catalysts for the oxygen evolution reaction (OER). The 
boron-doped Ni/Fe nano-chains were synthesized in a one step process at room temperature using 
NaBH4 as a reducing agent. The addition of boron reduced the magnetic moment of the intermediate 
synthesis products and produced nano-chains with a high specific surface area of 73.4 m2 g-1. The 
boron-doped Ni/Fe nano-chains exhibited catalytic performance superior to state-of-the-art 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite and RuO2 noble metal oxide catalysts. The mass normalised 
activity of the boron-doped Ni/Fe nano-chains measured at an overpotential of 0.35 V was 64.0 A g-
1, with a Tafel slope of only 40 mV dec-1. The excellent performance of the boron-doped Ni/Fe nano-
chains can be attributed to the uniform elemental distribution and highly amorphous structure of the 
B-doped nano-chains. These results provide new insights into the effect of doping transition-metal 
based OER catalysts with non-metallic elements. The study demonstrates a facile approach to prepare 
transition metal nano-chains using magnetic field assisted chemical reduction method as cheap and 
highly active catalysts for electrochemical water oxidation. 
 
6.2 Introduction 
Electrochemical water splitting provides a viable route to produce hydrogen for storage of 
intermittent solar or wind energy.[1-4] However, the kinetics of the oxygen evolution reaction (OER) 
on the anode can be sluggish even using the state-of-the-art OER catalysts, such as crystalline IrO2 
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and RuO2.[2, 5, 6] The large-scale development of water splitting technology for energy storage 
application, therefore, is constrained by the relatively low activities as well as the scarcity and high 
cost of the noble metal oxide catalysts.[7, 8] In recent years, the earth-abundant first-row transition 
metal based catalysts were extensively investigated as alternative OER catalysts, [1, 2, 9-14]some of 
which showed OER activities comparable or even superior to the noble metal oxides catalysts, 
especially for those containing Ni and Fe.[1, 15, 16] This has drawn considerable research efforts to 
the synthesis of 3d-orbital transition metal based nanostructured architectures. Nano-chains, owing 
to its short mass/ion transfer distance, larger surface areas and deduced self-aggregation,[17-19] have 
become one of the favorable structures that are extensively studied as electrochemical materials. For 
example, Mai et al.[17] synthesised hierarchical V2O5 nano-chains via an electrospinning approach 
to enhance the capacities of Li-ion batteries. Li et al. and Lu et al.[18, 19] applied Ni-substituted 
Co3O4 as highly active OER catalysts produced via a substrate-assisted hydrothermal method. 
However, the production of nano-chains typically requires high-tech synthesis methods such as 
electrospinning,[17, 20] hydrothermal growth[18, 19] or template-assisted electrodeposition,[21-23] 
which are expensive and difficult to scale-up for large production volumes. Simplification of the 
synthesis process of first-row transition metal alloy nano-chains with optimal OER activities is still a 
big challenge. 
Inspired by the successful fabrications of mesoscopic structures with the assistance of an 
external magnetic field,[24-26] herein, we put forward a one-step magnetic-field-induced assembly 
method to prepare Ni/Fe nano-chains, in which boron was doped by using NaBH4 as the reducing 
agent. Notably, boron doping increased the OER activity by 7.6 times relative to the corresponding 
Ni/Fe nano-chains and by nearly two magnitudes (91.4 times) compared with the pure Ni nano-chains, 
transcending the performance of the state-of-the-art RuO2 catalysts. These results, for the first time, 
highlighted the significance of a non-metal element (Boron) in bimetallic alloy materials for oxygen 
evolution reaction. Furthermore, the fabrication method presented in our manuscript is efficient and 
cost-saving, which is suitable for industrial production of OER catalysts. 
 
6.3 Experimental 
Materials 
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Nickel (II) nitrate hexahydrate (Ni(NO3)2∙6H2O, 97%), iron (III) Nitrate nonahydrate 
(Fe(NO3)3∙9H2O, 98%), ethylene glycol (EG, 98%) and polyvinylpyrrolidone (PVP, mw 15000) were 
purchased from Aldrich Chemical. Sodium borohydride (NaBH4, 98%), Hydrazine monohydrate (HZ, 
98%) and commercial ruthenium (IV) oxide catalyst (RuO2, 99.9%) were obtained from Alfa Aesar 
Chemical. The water was deionized water. 
 
Catalyst preparation 
 
Ni/Fe nano-chains 
A magnetic-field-induced assembly method was applied to prepare Ni/Fe nano-chains. X mmol 
Ni(NO3)2∙6H2O, Y mmol Fe(NO3)3∙9H2O (X=1, Y=0; X=0.9, Y=0.1; X=0.2, Y=0.8) and 0.2 g PVP 
were dissolved with 100 ml EG in a three-neck round bottom flask to make a clear solution. The 
solution was stirred and heated under nitrogen protection and held at 120 °C for 15 minutes with an 
oil bath on a magnetic stirrer to remove dissolved oxygen. Then 2 ml HZ was quickly injected and 
the solution was stirred for another hour at 120 °C under nitrogen protection. The products were then 
collected by centrifugation and thoroughly washed with water and ethanol. The obtained samples 
were dried at room temperature in a vacuum chamber overnight and designated as 100Ni-0Fe-NC, 
90Ni-10Fe-NC, 80Ni-20Fe-NC. Previous research[27] showed that an Fe molar ratio higher than 25% 
led to the nucleation of a γ-FeOOH phase under anodic conditions, which is low active for oxygen 
evolution. Therefore, in this study, the Fe contents of all samples were kept lower than the maximum 
of 25%. 
 
Boron-doped Ni/Fe nano-chains 
The Boron-doped Ni/Fe nano-chains were prepared by altering the reducing agent from HZ to NaBH4. 
0.2 mmol Ni(NO3)2∙6H2O, 0.8 mmol Fe(NO3)3∙9H2O were dissolved with 100 ml water in a three-
neck round bottom flask to make a solution. The solution was stirred at room temperature under 
nitrogen protection 15 minutes on a magnetic stirrer to remove dissolved oxygen. A 10 ml aquatic 
solution with 0.1 g NaBH4 in it was added dropwise. It is noteworthy that the amount of NaBH4 was 
in excess in order to reduce the metal ions completely. The mixture was stirred for another 10 minutes 
and then the product was collected by centrifugation. The obtained sample, which was designated as 
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80Ni-20Fe-B-NC, was washed with water and ethanol and then dried at room temperature in a 
vacuum chamber overnight. 
Boron-doped Ni/Fe nano-particles 
The boron-doped Ni/Fe nano-particles were synthesised by the same method as the boron-doped 
Ni/Fe nano-chains except that an overhead stirrer was used instead of a magnetic stirrer. The obtained 
sample was designated as 80Ni-20Fe-B-NP.  
 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ  (BSCF) perovskite 
BSCF perovskite was synthesised using a combined EDTA-citrate complexing sol-gel method 
reported in our previous paper.[3] 
 
Characterisation 
X-ray diffraction (XRD) patterns (2θ, 10–90°) were recorded on a Bruker D8-Advanced X-ray 
diffractometer using nickel-filtered Cu-Kα radiation. N2 sorption was performed at 77 K on a 
Micromeritics TriStar II 3020, after degassing the samples for 12 h at 80 °C. Total specific surface 
areas (SBET) were determined with the BET method. Electron microscope images were collected on 
a JEOL JSM-7001F scanning electron microscopy (SEM). The energy dispersive x-ray spectroscopy 
(EDS) and the high angle annular dark field (HAADF) image were recorded on a Tecnai F20 
transmission electron microscope (TEM). X-ray photoelectron spectra were acquired on a Kratos 
Axis ULTRA X-ray photoelectron spectrometer (XPS) incorporating a 165 mm hemispherical 
electron energy analyzer and a monochromatic Al Kα (1486.6 eV) radiation at 150 W (15 kV, 10 
mA). The binding energies were determined using the C1s line at 284.5 eV from adventitious carbon 
as a reference. The elemental compositions of the sample were determined by a Perkin Elmer Optima 
8300DV inductively-coupled plasma optical emission spectrometer (ICP-OES).  
 
Electrochemical measurements of thin film electrodes 
Thin film electrodes were fabricated by sonication of 10 mg active catalyst and 10 mg carbon black 
(Super C65, TIMCAL C’NERGY) for 30 minutes in 1 mL ethanol with 100 µL 5 %wt. Nafion 
solution. A 5 µL aliquot of this suspension was drop-cast onto a glassy carbon disk electrode (4 mm 
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diameter, 0.126 cm2 area) and left to dry under a glass jar. The typical catalyst loading was 0.36 mg 
cm-2.  
Rotating disk electrode (RDE) voltammograms in an O2 (99.999%) saturated 0.1 M KOH 
solution were measured at room temperature with a Biologic VMP2/Z multichannel potentiostat. The 
electrochemical cell had a Pt -chain counter electrode and a Ag|AgCl (3M NaCl) reference electrode. 
The reference electrode was calibrated with respect to reversible hydrogen electrode (RHE) in a 
hydrogen saturated electrolyte with a Pt -chain as the working electrode. Cyclic voltammograms were 
measured at a scan rate of 10 mV s−1 and the thermodynamic potential for the hydrogen electrode 
reactions was determined from the mean of the two potentials at which the current crossed zero. All 
potentials reported in this study are iR-corrected potentials calculated by the following equation: 
( ) | 0.937RHE iR corrected Ag AgClE E iR        (Equation 6-1) 
where i is the current and R is the uncompensated ohmic electrolyte resistance (55 Ω) measured via 
high frequency ac impedance in O2-saturated 0.1 M KOH, which was also demonstrated in our 
previous studies.[28, 29] The current densities were normalized by using geometric surface areas.  
The deactivation test was operated at 0.7 V vs. Ag|AgCl in a 0.1 M KOH solution for 10000 seconds 
at a rotation rate of 1600 rpm. The cyclic voltammogram curves were recorded before and after the 
deactivation test respectively. 
 
6.4 Results and Discussion 
Fig. 6-1a shows the XRD patterns of the as-prepared Ni/Fe alloy nano-chains. The sample 
100Ni-0Fe-NC shows a typical diffraction spectrum of face-centered cubic (FCC) Ni (JCPDS card 
no. 04-0850) phase. The increase of Fe content leads to the expansion of the lattice, resulting in a 
slight shift of the (111) peak toward the lower angle (44.5°- 44.4°), as is ascribed to the larger radius 
of Fe atom (1.26 Å) compared with that of Ni atom (1.24 Å). Although the Fe/Ni nano-chains without 
B doping feature FCC FeNi3 structure (JCPDS card no. 38-0419), the crystallinity sharply decreases 
against increasing Fe content, which is well aligned with the previous report.[30] The crystallinity 
can be further reduced by B doping. This is justified by the fact that no obvious diffraction peaks can 
be observed over the sample 80Ni-20Fe-B-NC, which corresponds to an amorphous structure. These 
results indicate that B doping are favorable for the synthesis of amorphous Ni-Fe structures. 
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Figure 6-1. XRD patterns of Ni/Fe nano-chains prepared under different experimental conditions(a), 
survey scans of XPS spectrum of Ni/Fe nano-chains (b), binding energy 160-220 eV (c) and binding 
energy 670-740 eV (d). 
 
For nanostructured alloys, the elemental composition in the bulk phase and surface phase may 
vary greatly, which can have a tremendous impact on the catalytic performance. Therefore, this 
requires the systematic study of the elemental composition in both phases. In this study, the bulk 
phase elemental compositions were determined by ICP-OES and listed in Table 6-1. All the products 
show elemental compositions close to those in the corresponding synthesis precursors. It can be seen 
that 800Ni-20Fe-NC exhibits a Fe/Ni atomic ratio of 0.29, which is almost identical to that of 80Ni-
20Fe-B-NC (0.31), suggesting that the elemental compositions were only slightly affected by B-
doping. The sample 80Ni-20Fe-B-NC consists of a considerable amount of boron (39.8 at. %), as is 
commonly observed in varieties of bimetallic alloys prepared by NaBH4 reduction.[31, 32] This 
indicates that boron was successfully incorporated into the amorphous architecture. XPS was applied 
to investigate the elemental composition in the surface phase, and the results were summarized in Fig. 
6-1b-d. In Fig. 6-1c, only 80Ni-20Fe-B-NC shows a peak at 190 eV corresponding to B 1s orbital, 
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which can be assigned to B species in amorphous alloys.[33] Although 90Ni-10Fe-NC contained a 
reasonable level of Fe of 6.5% (see Table 6-1), interestingly, it can be seen from Fig. 6-1d that this 
sample did not exhibit an obvious Fe 2p1/2 signal at 713 eV.[34] As XPS data showed in Table 6-1, 
the Fe/Ni ratio was much lower in the surface phase than in the bulk phase for the boron-free samples. 
This result confirmed the Ni species was enriched in the surface phase for the boron-free nano-chains. 
The standard reduction potential (SRP) of Ni2+/Ni(s) in aqueous solution is -0.23 V, which is more 
negative than that of Fe3+/Fe(s) (-0.04 V). The metal species can be reduced by another one with a 
more negative SRP, as is widely used in galvanic replacement synthesis.[35, 36] Therefore, in a 
controllable reduction process, Fe3+ would be reduced prior to Ni2+, resulting in the enrichment of Ni 
species on the exterior surface of the products. The enrichment of elemental Ni was also observed on 
NixCo3-xO4 nano-chain surfaces by Li et al.[19] The Fe/Ni ratios in the surface phase and bulk phase 
are similar for 80Ni-20Fe-B-NC, suggesting a more uniform elemental distribution in the B-doped 
nano-chains. Unlike the synthesis of boron-free samples where hydrazine was used as reducing agent, 
a much stronger reductant, NaBH4, served as reductant to prepare B-doped samples. It allowed the 
simultaneous reduction of Ni and Fe, leading to the uniform Fe/Ni ratio of the products which was 
demonstrated by EDS result shown in Fig. S1. 80Ni-20Fe-B-NC showed a Ni 2p1/2 peak at 853.8 eV 
corresponding to Ni(II)O species, while the non-B-doping samples showed peaks around 852.6 eV 
corresponding to metallic Ni. This well indicates that it is much easier for the amorphous metal alloy 
samples to be oxidized after B doping. This was also confirmed by that the signal of O 1s orbital at 
530 eV is much stronger for 80Ni-20Fe-B-NC than the other non-B-doping samples.   
 
Table 6-1. Elemental composition of as-prepared Ni/Fe nano-chains determined by ICP-OES and 
XPS. 
Catalyst Atomic ratio of elements (at. %) 
 ICP-OES results  XPS results 
 B Fe Ni  B Fe Ni 
100Ni-0Fe-NC 0 0 100  0 0 100 
90Ni-10Fe-NC 0 6.5 93.5  0 1.9 98.1 
80Ni-20Fe-NC 0 22.6 77.4  0 11.8 88.2 
80Ni-20Fe-B-NC 39.8 14.1 46.1  36.5 11.4 52.1 
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The SEM images in Fig. 6-2 show the morphologies of the all the samples. It can be clearly 
seen from Fig. 6-2a-c, for the boron-free samples, the nano-chains are composed of metal alloy 
nanoparticles. Obviously, the well-defined alloy nanoparticles were formed under 
polyvinylpyrrolidone (PVP) protection,[37, 38] which then assembled and grew align with the 
magnetic induction line, leading to the formation of nano-chain structure. The as-prepared products 
featured strong magnetism, and could be easily affected by a magnet (see Fig. 6-2e). The magnetic 
attraction resulted in a severe agglomeration of the sample (see Fig. 6-2c), leading to a low specific 
surface area of 1.6-3.0 m2g-1 (see Table. S6-1). In contrast, although 80Ni-20Fe-B-NC also exhibited 
the morphology of nano-chain (see Fig. 6-2d) induced by an exterior magnetic field, the products 
showed a specific surface area as a high as 73.4 m2 g-1 (see Table S6-1) owing to its much weaker 
magnetism (see Fig. 6-2f). This suggested a different formation mechanism for boron-doped sample.  
 
Figure 6-2. SEM images and magnetic magnetic behaviour of Fe/Ni nano-chains before and after 
boron-doping. SEM images: (a) 100Ni-0Fe-NC, (b) 90Ni-10Fe-NC, (c) 80Ni-20Fe-NC, (d) 80Ni-
20Fe-B-NC (scale bar 1 µm). (e) 80Ni-20Fe-NC and (f) 80Ni-20Fe-B- NC affected by a magnet. 
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It is reported that the magnetic properties of amorphous nickel borides are very similar to its 
crystalline counterparts, Ni3B, which behaves Pauli paramagnet.[39, 40] In Pauli Paramagnet, only 
electrons near the Fermi Surface can change its spin to align with the magnetic field, which makes its 
magnetic moment very weak (magnetic moments of NinB≤ 0.03 µB/atom).[39] In this context, the 
magnetic moment of 80Ni-20Fe-B-NC mainly originated from Fe-B alloy, which is an itinerant 
ferromagnet where the magnetic moment on a transition metal atom gradually decreases from its 
maximum value in pure Fe down to zero value with increasing B content.[39]  
In Scheme 6-1, we proposed a possible mechanism to explain the structure of the B-doped 
Fe/Ni nano-chains. At the initial stage of the NaBH4 reduction, transition metal boride nanoparticles 
with a relatively strong magnetic moment formed due to the low concentration of B in the precursor. 
These nanoparticles assembled in line with the magnetic field. With further increase of B content, the 
magnetic moment rapidly decayed, and the magnetic particles were finally embeded within a thick 
non-magnetic amorphous layer. Consequently, the product maintained the morphology of nano-chain 
while showing much weaker magnetism. To check the effect of the magnetic field, we prepared a 
boron-doped Ni/Fe alloy sample 80Ni-20Fe-B-NP using an overhead stirrer instead of a magnetic 
filed. Fig. S6-2 shows that in the absence of a strong magnetic field, aggregations of nanoparticles 
(80Ni-20Fe-B-NP) were formed and these nanoparticles do not exhibit the chain-like structures 
observed in the boron-doped Ni/Fe alloy nano-chains prepared in the magnetic field. 
 
Scheme 6-1. Schematic illustration of the synthesis of B-doped Fe/Ni nano-chains by magnetic-
field-induced self-assembly. 
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The mass-normalized OER activities were evaluated in an O2-saturated 0.1 M KOH solution 
at 1600 rpm and the cyclic voltammetry curves were displayed in Fig. 6-3. Another two benchmarking 
OER catalysts, BSCF perovskite and RuO2 were also tested for comparison. For the boron-free 
samples, the OER current densities were greatly enhanced by Fe doping, which is in accordance with 
previous reports.[27, 41] Friebel et al. studied the active sites in Fe/Ni catalysts for OER via both 
experiments and DFT+U calculations.[27] It is found the Ni is present as Ni2+ in a layered double 
hydroxide structure at potentials well below the onset of the OER in the presence of Fe. As the 
potential is raised, the Ni2+ cations undergo oxidation to Ni3+. The oxidized catalysts can be described 
as γ-Ni1-xFexOOH, where Fe3+ shows a significantly lower overpotential than do Ni3+ in either γ-Ni1-
xFexOOH or γ-NiOOH, being identified as highly active Fe sites for OER. Trotochaud et al. reported 
a > 30-fold increase of conductivity of Ni(OH)2/NiOOH upon coprecipitation with Fe,[41] which is 
another important reason for the OER activity enhancement. It can be seen from Fig. 6-3a, the sample 
90Ni-10Fe-NC showed similar OER current density to that of the benchmarking electrocatalysts, 
BSCF perovskite. It should be mentioned that since both 90Ni-10Fe-NC and BSCF perovskite 
featured a low specific surface area (90Ni-10Fe-NC: 2.1 m2g-1, BSCF: < 0.5 m2 g-1),[3] it minimized 
the impact of specific surface areas on catalytic activities. This confirmed the high intrinsic activities 
of the boron-free Ni/Fe alloy nano-chains. Considering the low Fe level in the surface phase of 90Ni-
10Fe-NC as determined by XPS (see Table 6-1), further Fe doping led to an increased OER current 
density, but still inferior to RuO2, as shown by 80Ni-20Fe-NC in Fig 6-4a. The boron-containing 
sample, 80Ni-20Fe-B-NC, exhibited the best OER activity, transcending the catalytic performance of 
noble metal oxide catalysts, RuO2. The sharp increase in OER activity by B-doping can be attributed 
to several reasons.  
One primary reason is that B-doping effectively reduced the magnetic attraction between the 
nano-chains so that 80Ni-20Fe-B-NC showed a specific area (73.4 m2 g-1) much higher than the 
boron-free nano-chains, which is favorable for catalytic reactions. The second reason is the 
amorphous structure of the sample. The Ni2+/Ni3+ oxidation peak area (at 1.4 V vs. RHE) is much 
larger for amorphous 80Ni-20Fe-B-NC than for 80Ni-20Fe-NC with a FCC structure, indicating more 
highly active γ-Ni1-xFexOOH formed under anodic conditions. 
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Figure. 6-3. (a) OER current densities, and (b) Tafel slopes for Fe/Ni nano-chains and 
benchmarking OER catalysts. Cyclic voltammograms were measured at a scan rate of 10 mV s−1 in 
an O2 (99.999%) saturated 0.1 M KOH solution at a rotating rate of 1600 rpm. 
 
This result is in good accordance with our previous report[4] that amorphous Ni catalysts 
showed much higher OER activity than its crystalline counterpart. The B-doped nano-chains undergo 
anodization and structure changes that are evocative of the transformation of NiBi thin films prepared 
by electrodeposition,[42] where Jahn-Teller-distorted Ni(III) centers are activated to bis-oxo/bridged 
Ni centers organized into sheets of edge-sharing NiO6 octahedra. Moreover, Ni and Fe species are 
distributed evenly after B-doping. Since the conductivity of NiOOH can be significantly increased by 
Fe doping,[41] it is quite reasonable to speculate that a uniform Fe/Ni distribution results in an 
increased conductivity, therefore, affecting the OER performance.  
(b) 
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To avoid overestimating the OER current densities, the cathodic sweep was chosen to 
investigate the corresponding catalytic parameters, which were compared with the data reported 
elsewhere in Table 6-2. The Tafel Slopes for boron-free nano-chains decreased from from 147 mV 
dec-1 to 89 mV dec-1, with increase Fe level. However, this value varies from the well-known 30- 45 
mV dec-1 for Ni-Fe oxides[7, 41, 43, 44] since the low specific surface areas hinder the 
Ni(II)(OH)2/Ni(III)OOH transition, leading to a relatively low Tafel slope.[4, 45] 80Ni-20Fe-B-NC 
showed a Tafel slope of 40 mV dec-1, which is close to that for Ni-Fe oxides, implying a common 
rate-limiting step for these catalysts. This sample also exhibited the best OER mass activity of 64.0 
A g-1 at an overpotential of 0.35 V. That is 7.6 times increase from its boron-free counterpart (8.4 A 
g-1 for 80Ni-20Fe -NC) and nearly two magnitudes (91.4 times) enhancement from pure FCC nickel 
nano-chains (0.7 A g-1 for 100Ni-0Fe-NC). The activity of the B-doped nano-chains also transcended 
those of the state-of-the-art OER catalysts, BSCF perovskite and Ru(IV) oxide. Recently, several 
groups reported Ni-Fe oxides third metal (e.g. Al, Ga, Cr, Co and Ce) emerged as efficient OER 
catalysts via high-throughput elemental screening.[15, 16] Our results show that OER activities can 
also be significantly enhanced by a non-metal element, shedding new light on the non-metal element 
doping for fabricating highly active OER electrocatalysts. 
The catalytic performances and stabilities of boron-doped Ni/Fe alloy nano-chains and nano-
particles are compared in Fig. S3. It can be seen from Fig. S3a that the freshly-made nano-chains and 
nano-particles showed similar OER activities. However, after the 10000 seconds’ deactivation at 0.7 
V vs. Ag|AgCl in 0.1 M KOH solution, the OER current densities of the nano-particle sample 80Ni-
20Fe-B-NP decreased sharply while the nano-chain sample 80Ni-20Fe-B-NC retained its activity. 
This can be attributed to that the nano-chain structure effectively deduced the aggregation of the 
catalysts under harsh anodic conditions.  
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Table 6-2. Comparison of OER catalytic parameters at η= 0.35 V (1.58 V vs. RHE) from references 
and our study. 
Catalyst Mass Activity (A g-1) Tafel slope (mV dec-1)[a] Reference 
100Ni-0Fe-NC 0.7 147 this study 
90Ni-10Fe-NC 4.0 110 this study 
80Ni-20Fe-NC 8.4 89 this study 
80Ni-20Fe-B-NC 64.0 40 this study 
BSCF 2.0 85 this study 
RuO2 14.2 93 this study 
porous BSCF 35.2[b] 62 3 
amor-NiOx n.a. 73 1 
basic Ni carbonate 51.1 60 4 
α-MnO2 23.4[c] 78 9 
20 wt% Pt/C 10.5 274 2 
r-RuO2 11[d] n.a. 6 
r-IrO2 3[d] n.a. 6 
[a] Tafel equation η= blog(j/j0), where η is the overpotential, b is the Tafel slope, j is the current density 
and j0 is the exchange current density. [b] η= 0.4 V. [c] η= 0.45 V. [d] η= 0.25 V in 0.1 M HClO4. “n.a.”: 
data not available from the literature source. 
 
6.5 Conclusion 
In conclusion, B-doped Fe/Ni alloy nano-chains are successfully synthesized via a one-step 
magnetic-field-induced assembly method at room temperature. Boron effectively reduced the 
magnetic moment of the product, resulting in a high specific surface area of 73.4 m2 g-1. The B-doped 
Fe/Ni nano-chain also exhibited highly amorphous structure and uniform elemental distribution that 
are favorable for OER catalysis, leading to a nearly two-magnitude (91.4 times) activity increase from 
pure FCC Ni nano-chain. The current density of B-doped Fe/Ni nano-chain catalysts compared 
favorably to the state-of-the-art OER catalysts, BSCF perovskite and Ru(IV) oxide, shedding new 
light to the non-metal element doping for fabricating highly active OER catalysts. The catalyst 
maintained the high OER current density after a 10000 seconds’ deactivation test at 0.7 V vs. Ag|AgCl 
in 0.1 M KOH solution, which demonstrated its outstanding catalytic stability. The simple synthesis 
procedures (one-step synthesis at room temperature), together with the low cost of the chemical raw 
materials, make B-doped Fe/Ni nano-chains an ideal alternative to expensive commercial noble-
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metal-oxide catalysts such as RuO2 and IrO2. Further research is being conducted in our laboratory 
to understand the impact of boron doping on the intrinsic OER activities of Ni-based catalysts. 
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Table S6-1. Summary of surface textural properties of the Fe/Ni nano-chains determined from N2 
sorption analysis at -196°C. 
Catalyst SBET (m
2 g-1) Smicro (m
2 g-1) Sext (m
2 g-1) 
100Ni-0Fe-NC 1.6 < 0.1 1.6 
90Ni-10Fe-NC 2.1 < 0.1 2.1 
80Ni-20Fe-NC 3.0 < 0.1 3.0 
80Ni-20Fe-B-NC 73.4 0.5 72.9 
 
 
 
 
 
Figure S6-1. Energy dispersive x-ray spectroscopy of the sample 80Ni-20Fe-B-NC. 
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Figure S6-2. SEM image of the sample 80Ni-20Fe-B-NP. 
 
 
 
Figure S6-3. A comparison of the OER catalytic performances of as-synthesized boron-doped 
Ni/Fe nano-chains and nano-particles at a rotation rate of 1600 rpm in 0.1 M KOH solution (a); and 
comparisons of the OER current densities for nano-chains (b) and nano-particles (c) before and after 
deactivation at 0.7 V vs. Ag|AgCl for 10000 seconds in 0.1 M KOH solution. 
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7.1 Abstract: 
We present six amorphous transition-metal borides prepared at room temperature by chemical 
reduction of nitrate salts with sodium borohydride as highly active catalysts for the oxygen evolution 
reaction (OER). The amorphous metal borides were designed to have similar metal ratios to 
crystalline metal oxides Co/Fe and NiFe spinel, Co/Fe and Ni/Fe layer double hydroxides, and 
perovskites of Ba0.5Sr0.5Co0.8Fe0.2O3-δ and La0.6Sr0.4Co0.2Fe0.8O3-δ. Our results show that the 
stoichiometry of the amorphous metal borides can be controlled using the chemical reduction 
synthesis for binary and quaternary metal systems. All the amorphous metal borides exhibited higher 
mass normalized activities for OER than the activity of the corresponding crystalline metal oxides. 
The Ni3Fe1-AMOR catalyst containing 38.5 %at boron achieved the highest mass normalized OER 
current density of 50.9 A g-1 at an overpotential of 0.35 V, which was higher than the activity of a 
commercial RuO2 catalyst. The outstanding catalytic activity can be attributed to the amorphous 
structure, the large specific surface areas (above 110 m2 g-1) and the electron-enriched transition metal 
sites stemmed from boron doping. 
 
7.2 Introduction 
The oxygen evolution reaction (OER) when coupled with a cathodic reaction (e.g. hydrogen 
reduction) to split water shows great promise as a route to store intermittent renewable energy such 
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as wind or solar in the form of a chemical fuel.[1-3] However, the application of OER has been limited 
by the sluggish kinetics of the reactions involving four-electron transfers in a high overpotential,[4] 
and the scarcity and high cost of the best noble metal oxide based commercial OER catalysts such as 
RuO2 and IrO2[5, 6]. Recently, 3d-orbital transition metal oxides [7-10] (e.g. oxides of Fe, Co, Ni, 
Mn) have been reported as potential lower cost alternative OER catalysts to the noble metal oxides. 
Crystalline transition metal oxides including spinels, perovskites and layered double hydroxides have 
been studied widely and reported with activities close to, or even higher than, the state-of-the-art 
RuO2[9, 11-14]. Other studies have observed that the activity of the transition metal oxide catalysts 
may be enhanced if the material has some amorphous structure. For example, May et al.[15] reported 
that the OER activity of Ba0.5Sr0.5Co0.8Fe0.2O3-δ catalyst increased during electrochemical cycling and 
suggested that this enhanced performance may be due to the formation of an amorphous surface layer. 
The latest research demonstrated that amorphous quaternary Ba-Sr-Co-Fe (BSCF) oxide showed 
higher OER current density to Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite.[4] The enhanced OER catalytic 
performance of these amorphous BSCF materials has been attributed to the amorphous structure 
which facilitates CoIV-OH bond breakage at the surface of the catalyst, which is understood to be the 
rate-determining step of OER on BSCF oxide catalysts. Although the recent studies indicate 
amorphous metal oxides are promising OER catalysts, many of the best materials reported have been 
synthesized by costly and hard to scale-up photochemical decomposition processes that may involve 
expensive, specialised organic compounds (metal 2-ethylhexanoate precursors) and deep UV-light 
irradiation. [3, 4, 16, 17]  
Here we propose the chemical reduction of metal nitrate salts by sodium borohydride as a 
lower cost route than photochemical decomposition to prepare amorphous catalysts based on 3d metal 
oxides. This synthesis approach has been applied elsewhere for hydrogen generation from hydrazine 
decomposition,[18] catalysts for the hydrogen evolution reaction[19] and oxygen reduction 
reaction[20], but to our knowledge has not been studied to produce OER catalysts. This study includes 
amorphous metal borides based on (i) Fe, Co and Ni as these are the main elements in the most active 
crystalline spinel and layered double hydroxide 3d metal oxide OER catalysts reported to date[2, 21-
23], and (ii) BSCF and LaSrCoFe for comparison to perovskite OER catalysts. All the amorphous 
materials exhibited significantly higher OER activity compared to the corresponding crystalline metal 
oxides.  
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7.3 Experimental 
7.3.1 Materials 
Deionized water was used in all experiments. Sodium borohydride (NaBH4, 98 %), nickel (II) 
nitrate hexahydrate (Ni(NO3)2·6H2O, 97 %), iron (II) sulfate heptahydrate (FeSO4·7H2O, 98 %), 
cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O, 98 %), barium nitrate (Ba(NO3)2, 99 %), strontium 
nitrate (Sr(NO3)2, 99 %) and triethanolamine (TEA, 98 %) were purchased from Aldrich Chemical. 
Lanthanum(III) nitrate hexahydrate (La(NO3)3·6H2O, 99 %) was purchased from Alfa Aesar 
Chemical. Ethylenediaminetetraacetic acid (EDTA) and potassium hydroxide (KOH, 97%) were 
purchased from Ajax Finechem. Urea, citric acid monohydrate and ammonia solution (30 wt%) were 
purchased from Chem-Supply Pty. Ltd.. 
Two commercial catalysts were used in this work: ruthenium (IV) oxide catalyst (RuO2, 99 %) 
from Alfa Aesar Chemical and La0.6Sr0.4Co0.2Fe0.8O3-δ perovskite (labelled here as La6Sr4Co2Fe8-
PERO) from Fuelcellmaterials Pty. Ltd..  
 
7.3.2 Preparation of crystalline metal oxides 
Spinels. The CoFe2O4 spinel (Co1Fe2-SPIN) and NiFe2O4 spinel (Ni1Fe2-SPIN) were synthesized 
by a hydrothermal method.[24] To synthesize Co1Fe2-SPIN, 0.145 g Co(NO3)2·6H2O and 0.278 g 
FeSO4·7H2O were dissolved in 100 mL water and stirred for 15 min. Then, 0.25 g KOH was added 
and stirred in the solution for another 30 min. The mixture was transferred to a Teflon-lined autoclave 
and heated at 200 °C for 5 h. The autoclave was left to cool to room temperature before the precipitate 
was collected by centrifugation and washed three times with water and ethanol. The Ni1Fe2-SPIN 
was prepared from 0.145 g Ni(NO3)2·6H2O and 0.278 g FeSO4·7H2O using the same hydrothermal 
method Co1Fe2-SPIN. 
Layered double hydroxides. The Co3Fe1-LDH and Ni3Fe1-LDH were prepared by the procedures 
reported by Song and Hu [11]. In a typical LDH procedure, 0.873 g Co(NO3)2·6H2O or 0.872 g 
Ni(NO3)2·6H2O was dissolved with 0.404 g Fe(NO3)3·9H2O and 0.335 mL triethanolamine (TEA) in 
200 ml water. Then drops of a solution of 0.424 g urea dissolved in 200 ml water were added to the 
nitrate + TEA solution. The mixture was transferred into a Teflon-lined autoclave and heated at 
150 °C for 24 h. After cooling to room temperature, the precipitates were recovered in a centrifuge 
and washed three times with water and ethanol. 
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Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite. This perovskite was synthesized using a combined EDTA-citrate 
complexing sol-gel method.[13] Solution A was prepared by dissolving 3.2669 g Ba(NO3)2, 2.6454 g 
Sr(NO3)2, 5.8206 g Co(NO3)2·6H2O and 2.0200 g Fe(NO3)3 9H2O in 100 ml water. Solution B was 
prepared by mixing 20 ml of ammonium hydroxide solution (30 wt%) with a suspension of 7.31 g 
EDTA and 10.5 g citric acid monohydrate in 50 ml water. Solution B was mixed into Solution A and 
stirred for about 7 h on an 80 °C hotplate until a dense gel was formed. The gel was combusted in an 
oven at 260 °C overnight then calcined in a Muffle furnace at 900 °C for 5 h (heating rate 5 °C min-
1) to produce Ba5Sr5Co8Fe2-PERO. 
 
Preparation of amorphous metal borides 
Amorphous metal boride catalysts with similar stoichiometric ratios of metals to the spinel, 
LDH and perovskite metal oxides were prepared by reduction of 50 ml metal nitrate solutions with 
0.2 g NaBH4 in 30 ml water. The NaBH4 was added dropwise to the metal nitrate solutions and stirred 
for 5 minutes or until the production of hydrogen bubbles stopped. The amorphous products were 
collected by centrifugation, washed three times with water and ethanol, then dried in a vacuum dryer 
at room temperature. 
The 50 mL metal nitrate solutions contained: 0.3842 g Co(NO3)2·6H2O and 1.067 g 
Fe(NO3)3·9H2O for Co1Fe2-AMOR; 0.872 g Co(NO3)2·6H2O and 0.404 g Fe(NO3)3·9H2O for 
Co3Fe1-AMOR; 0.3839 g Ni(NO3)2·6H2O and 1.067 g Fe(NO3)3·9H2O for Ni1Fe2-AMOR; 
0.8724 g Ni(NO3)2·6H2O and 0.404 g Fe(NO3)3·9H2O for Ni3Fe1-AMOR; 0.2614 g Ba(NO3)2, 
0.2118 g Sr(NO3)2, 0.4656 g Co(NO3)2·6H2O and 0.1616 g Fe(NO3)3·9H2O for Ba5Sr5Co8Fe2-
AMOR; and 0.5196 g La(NO3)2·6H2O, 0.1694 g Sr(NO3)2, 0.1164 g Co(NO3)2·6H2O and 0.6464 g 
Fe(NO3)3·9H2O for La6Sr4Co2Fe8-AMOR. 
 
7.3.3 Characterization 
Elemental compositions of metals and boron were measured with a Perkin Elmer Optima 
8300DV Inductively-Coupled Plasma Optical Emission Spectrometer (ICP-OES). X-ray diffraction 
(XRD) patterns were recorded on a Bruker D8-Advanced X-ray diffractometer using nickel-filtered 
Cu-Kα radiation. Scanning electron microscopy (SEM) images were collected on a JEOL JSM-7001F 
at an acceleration voltage of 10 kV. The energy dispersive x-ray spectroscopy (EDS) was recorded 
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on a Tecnai F20 transmission electron microscope. X-ray photoelectron spectra were acquired on a 
Kratos Axis ULTRA X-ray photoelectron spectrometer (XPS) incorporating a 165 mm hemispherical 
electron energy analyzer and a monochromatic Al Kα (1486.6 eV) radiation at 150 W (15 kV, 10 
mA). The binding energies were determined using the C1s line at 284.5 eV from adventitious carbon 
as a reference. N2 sorption isotherms were measured at 77 K on a Micromeritics TriStar II 3020 after 
degassing the samples for 12 h at 80 °C. Specific surface areas (SBET) were determined from the N2 
isotherms with the Brunauer Emmett Teller method. 
 
7.3.4 Electrochemical measurements of thin film electrodes 
Thin film electrodes were fabricated by sonication of 10 mg active catalyst and 10 mg carbon 
black (Super C65, TIMCAL C’NERGY) for 30 minutes in 1 mL ethanol with 100 µL 5 %wt Nafion 
solution. A 5 µL aliquot of this suspension was drop-cast onto a glassy carbon disk electrode (4 mm 
diameter, 0.126 cm2 area) and left to dry under a glass jar. The typical catalyst loading was 0.36 mg 
cm-2. 
Rotating disk electrode (RDE) voltammograms were measured in an O2 (99.999 %) saturated 
0.1 M KOH solution at room temperature with a Biologic VMP2/Z multichannel potentiostat. The 
electrochemical cell had a Pt -chain counter electrode and a Ag|AgCl (3M NaCl) reference electrode. 
The reference electrode was calibrated with respect to a reversible hydrogen electrode (RHE) in a 
hydrogen saturated electrolyte with a Pt-chain working electrode. Cyclic voltammograms were 
measured at a scan rate of 10 mV s−1 and the thermodynamic potential for the hydrogen electrode 
reactions was determined from the mean of the two potentials at which the current crossed zero.  
All potentials reported in this study are iR-corrected potentials calculated by the following equation: 
( ) | 0.937RHE iR corrected Ag AgClE E iR        (Equation 7-1) 
where i is the current and R is the uncompensated ohmic electrolyte resistance (55 Ω) measured via 
high frequency ac impedance in O2-saturated 0.1 M KOH. The current densities were normalized by 
using geometric surface areas. 
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7.4 Results and Discussions 
7.4.1 Characterisation of the amorphous metal boride catalysts 
The XRD patterns in Figure 7-1 confirm (i) the synthesis of the crystalline spinel, LDH and 
perovskite catalysts; and (ii) the amorphous structures can be achieved by chemical reducing nitrate 
salts with sodium borohydride. The molar ratios of the metals determined by ICP-OES are listed in 
Table 7-1 with the concentrations of boron in the amorphous metal borides included in Table S7-1 of 
the Supporting Information. Table 7-1 shows the ratios of Co:Fe and Ni:Fe atoms in the amorphous 
binary metal systems are within 1 %at. of the Co:Fe and Ni:Fe ratios in corresponding crystalline 
metal oxides; this result demonstrates that elemental compositions of the amorphous metal borides 
can be precisely controlled in the chemical reduction synthesis. Importantly, the chemical reduction 
synthesis also produced homogenous distributions of the metals in the catalysts as confirmed by the 
EDS mapping (see Figures S7-1 to S7-3). 
 
Table 7-1. Metal compositions and specific surface areas of the amorphous borides catalysts and the 
corresponding crystalline metal oxides. 
Sample Atomic ratio of metal (in total metals at. %) Specific surface area 
(m2 g-1) 
 
Co Ni Fe Ba Sr La 
Co1Fe2-SPIN 32.7 
 
67.3 
   
33.8 
Co1Fe2-AMOR 31.9  68.1    232.0 
Co3Fe1-LDH 75.2  24.8    49 
Co3Fe1-AMOR 74.4  25.6    139.6 
Ni1Fe2-SPIN  33.6 66.4    45.2 
Ni1Fe2-AMOR  32.8 67.2    244.2 
Ni3Fe1-LDH  74.8 25.2    124.6 
Ni3Fe1-AMOR  73.8 26.2    110.2 
Ba5Sr5Co8Fe2-PERO 40.1  10.0 25.2 24.7  0.5 
Ba5Sr5Co8Fe2-AMOR 39.9  10.2 24.5 25.4  20.5 
La6Sr4Co2Fe8-PERO 10.0  40.2  19.8 30.0 6.8 
La6Sr4Co2Fe8-AMOR 11.0  44.1  17.8 27.1 144.8 
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Figure 7-1. XRD patterns of the transition-metal materials with crystalline structures and the 
corresponding amorphous metal borides: spinels (a), layered double hydroxides (b) and perovskites 
(c). 
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The control of metal ratios and the homogenous distribution of metals in the amorphous metal 
borides can be explained by the hydrolyzation of sodium borohydride to H- species as intermediates 
in production of H2 gas in the following reaction:[25] 
 
In metal nitrate salt solutions, the H- is a strong reductant and borohydride will react quickly with any 
available transition metal cations to precipitate metal boride MxBy species (where M can be a mixture 
of metal elements) with homogeneous elemental distributions. A wide range of possible polymorphs 
can be precipitated from reaction of NaBH4 with solutions containing Fe, Co and Ni cations but for 
these metals the polymorphs have low coordination numbers with boron (e.g. MB, M2B, M3B, M4B3) 
[19, 26, 27] and consequently the concentrations of boron in the amorphous catalysts ranged from 
27.3 %at. in Co3Fe1-AMOR to 40.1 %at. in Ni1Fe2-AMOR (see Table S7-1). As an example, here 
we presented a simplified precipitation route to depict the chemical reduction process of a M2B metal 
boride from a transition metal nitrates solution:[23] 
 
The ratios of the metal atoms in the quaternary metal boride catalysts Ba5Sr5Co8Fe2-AMOR and 
La6Sr4Co2Fe8-AMOR are within 4 %at. of the elemental ratios in the corresponding perovskites, 
which is in accordance with the binary metal systems. The boron metal concentrations in 
Ba5Sr5Co8Fe2-AMOR and La6Sr4Co2Fe8-AMOR were 67.3 %at. and 62.3 %at., respectively and 
these compositions suggest formation of metal perborates (MB2O4, B content 66 %at. excluding 
oxygen). The higher concentrations of boron in the quaternary metal systems compared to the Co:Fe 
and Ni:Fe systems are because alkali earth metal cations such as Ba and Sr are understood to interact 
more strongly with boron species in solution than Ni, Co or Fe.[28, 29]  
The specific surface areas of the six amorphous and six crystalline materials determined from 
N2 sorption analyses are presented in Table 7-1. All the amorphous binary samples except Ni3Fe1-
AMOR exhibited much larger specific surface areas than the corresponding crystalline metal oxides. 
The layered structure of Ni3Fe1-LDH provides a large specific surface area (124.6 m2 g-1) and the 
corresponding amorphous sample Ni3Fe1-AMOR exhibited a comparable specific surface area 
(110.2 m2 g-1). The other crystalline samples were prepared at high temperatures – for example 
Ba5Sr5Co8Fe2-PERO and La6Sr4Co2Fe8-PERO are calcined at 900 °C and 1250 °C, 
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respectively[13, 30] – which can lead to sintering and low surface area catalysts, which have fewer 
active sites than high surface area catalysts. In this study, the amorphous metal borides prepared by 
chemical reduction at room temperature do not require high temperature calcination and thus these 
catalysts can be prepared with much higher specific surface areas than the crystalline metal oxides. 
The Ni1Fe2-AMOR catalyst has the highest specific surface area of 244.2 m2 g-1. These results were 
obtained without use of surfactants or structure directing agents, and the results highlight the chemical 
reduction method as a facile and efficient approach to fabricate amorphous materials with high 
specific surface areas. 
 
Figure 7-2. SEM images of the amorphous borides catalysts: Co3Fe1-AMOR (a), Ni3Fe1-AMOR 
(b), Co1Fe2-AMOR (c), Ni1Fe2-AMOR (d), Ba5Sr5Co8Fe2-AMOR (e) and La6Sr4Co2Fe8-
AMOR (f). 
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The SEM images of the amorphous catalysts are shown in Figure 7-2 and the SEM images of 
the crystalline catalysts are included in Figure S7-4. The images in Figures 7-2a-b showed that the 
Co3Fe1-AMOR and Ni3Fe1-AMOR precipitated from solutions with the lower Fe concentrations 
were constituted by nanoparticles. These nanoparticles were closely accumulated, leading to a porous 
structure (Figures S7-1 and S7-2) consistent with the surface areas of 139.6 m2 g-1 and 110.2 m2 g-1 
determined from N2 sorption analyses. With the increase of Fe contents, Co1Fe2-AMOR (Figure 7-
2c) and Ni1Fe2-AMOR (Figure 7-2d) exhibited nano-sheet like structures (Figures 7-2c and d). These 
nano-sheets were loosely stacked to form sponge-like structures, leading to even higher specific 
surface areas (232.0 and 244.2 m2 g-1 respectively). The texture of the amorphous samples with higher 
Fe content looks more like iron boride nanoparticles spongemorphologies that have been reported.[31] 
The quaternary metal borides catalysts (Figure 7-2e-f) were also precipitated as nanoparticle 
aggregates with similar morphologies to the Co:Fe and Ni:Fe amorphous metal borides; these 
morphologies are very different to the non-porous morphologies of the corresponding crystalline 
perovskites Ba5Sr5Co8Fe2-PERO and La6Sr4Co2Fe8-PERO shown (Figure S7-4e-f) The SEM 
results are consistent with the specific surface area data shown in Table 1. All the amorphous samples 
were enriched by pore systems, showing large specific surface areas (see Table 7-1). Although 
Ni1Fe2-SPIN and Co1Fe2-SPIN (see Fig. S7-4a-b) with spinel phase showed morphologies of 
nanoparticles similar to Ni1Fe2-AMOR and Co1Fe2-AMOR, the specific surface areas (see Table 7-
1) of these two samples were much lower compared with the amorphous samples, indicating the 
agglomeration of the nanoparticles of the crystalline spinels during the calcination process. Similarly, 
due to sintering at high temperature, the perovskite catalysts (Ba5Sr5Co8Fe2-PERO, La6Sr4Co2Fe8-
PERO) showed a non-porous bulk phase (Fig. S7-4e-f), while the corresponding amorphous borides 
exhibited highly porous structures (Fig. 7-2e-f). Ni3Fe1-LDH and Co3Fe1-LDH exhibited layered 
structure (see Fig. S7-4e-f), which is typical for layered double hydroxides, showing the largest 
specific surface areas among the crystalline samples. The obtained SEM results corresponded well 
with the textural properties shown in Table 7-1, again demonstrating that porous materials with high 
specific surface areas can be achieved by using chemical reduction method. 
Figure 7-3a-d presents XPS spectra of the amorphous Co3Fe1-AMOR and Ni3Fe1-AMOR 
samples. Usually in Co-B catalysts a peak for metallic Co is observed around 778.2 eV, but in the 
XPS result for Co3Fe1-AMOR (Figure 7-3a) no elemental Co peak was observed which suggests that 
 127 
 
our sample was oxidized when exposed to air. In Figure 7-3a the peak at 779.4 eV in the Co2p spectra 
on Co3Fe1-AMOR can be attributed to the Co(II) species in Co(II)O. Notably, compared with the 
binding energy of Co(II)O (780.3 eV),[19, 32] the negative shift of 0.9 eV of the Co(II) in the catalyst 
suggested an electron-enriched Co structure, which is further evidenced by the B1s scan (Figure 7-
3c). We attribute the B1s signal at 189.0 eV to elemental B in the amorphous metal borides and the 
shift of 1.9 eV compared to the XPS peak in pure B (187.1 eV) is due to an electron transfer from 
alloying B to vacant d-orbital of Co.[19] These electron-enriched Co sites have been identified in 
other studies as highly active sites for reactions involving hydrogenation,[33, 34] hydrogen 
evolution[19] and hydrolysis.[35, 36]  
 
Figure 7-3. XPS spectra of the amorphous samples synthesized via chemical reduction method: 
Co2p (a), Fe2p (b) and B1s (c) region of Co3Fe1-AMOR, Ni2p level of Ni3Fe1-AMOR (d), Sr3d 
(e), O1s (f), Ba3d (g) levels of Ba5Sr5Co8Fe2-AMOR and Sr3d (h) region of La6Sr4Co2Fe8-
AMOR. 
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The Fe2p band in the Co3Fe1-AMOR spectra (Figure 7-3b) has a peak at a binding energy of 
710.6 eV which corresponds to Fe(III) species and this Fe2p peak is also shifted from the typical 
binding energy of Fe2p in pure Fe2O3 (shift of -0.2 eV) due to electron transfer from the B atoms.[37] 
A similar shift of -0.2 eV in the binding energy for Ni was observed in the Ni3Fe1-AMOR sample. 
Since Fe2p signal overlaps strongly with Ni LMM Auger peaks, the Fe2p level of Ni3Fe1-AMOR 
was not shown here. The XPS results suggest that transition metal sites in the amorphous transition 
metal borides were enriched by electrons due to electron transfer from B and similar observations 
about electron transfer are reported by several other groups.[19] 
The XPS data for the quaternary metal borides Ba5Sr5Co8Fe2-AMOR and La6Sr4Co2Fe8-
AMOR are included in Figure 7-3e-h. In Ba5Sr5Co8Fe2-AMOR a considerable amount of SrCO3 
can be identified in the two peaks of the Sr3d level spectra (Figure 7-3e) and the peak at 532.5 eV in 
the O1s spectra (Figure 7-3f), which is typical for metal carbonates.[38, 39] The presence of SrCO3 
in Ba5Sr5Co8Fe2-AMOR may be explained by the formation of hydroxyl groups on the catalyst 
surface during reduction and these hydroxyl groups can react with the CO2 in air. Zhang et al.[4] also 
reported the formation of metal carbonates in amorphous BSCF metal oxides prepared by a 
photochemical degradation synthesis. In this context, BaCO3 would also exist in the amorphous 
catalyst but this phase cannot be distinguished in the Ba3d XPS region (Figure 7-3g) because the 
binding energies of BaO (779.2 eV) and BaCO3 (779.3 eV) overlap.[39] A binding energy peak 
associated with SrCO3 can also be observed in the Sr region of the La6Sr4Co2Fe8-AMOR spectra 
(see Figure S7-3h).  
 
7.4.2 Evaluation of catalytic activity for the OER 
Figure 7-4 compares the OER performances measured in rotating disk electrode 
voltammograms of the crystalline metal oxides, amorphous metal borides and the benchmark 
commercial RuO2 catalysts. Table 7-2 lists the mass normalized activities evaluated at η= 0.35 V 
(1.58 V vs. RHE) and Tafel slopes. Both the amorphous Co-Fe metal boride catalysts shown in Figure 
7-4a exhibited higher OER activities than the corresponding Co-Fe spinel and LDH structures; this 
result is consistent with our previous study.[8] Furthermore, the amorphous Co-Fe metal boride 
catalysts exhibited much higher mass-normalized OER current densities than that of the commercial 
RuO2 catalyst. Interestingly, although the elemental compositions of Co3Fe1-AMOR and Co1Fe2-
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AMOR are quite different these catalysts exhibited similar Tafel slopes (86 mV dec-1 and 84 mV dec-
1, respectively as shown in Table 7-2) and this result indicates that the same active phase evolves in 
these two samples under OER conditions. This hypothesis is supported by the work of Burke et al.[40] 
who reported that a highly active FexCo1-xOOH phase with Fe concentrations in the range of 
0.33<x<0.79 emerged under OER condition. As a result, the sample Co1Fe2-AMOR with a larger 
specific surface area of 232 m2 g-1 (Co3Fe1-AMOR: 139.6 m2 g-1) exhibited a better catalytic 
performance as shown in Figure 7-4a. Furthermore, Masa et al.[23] found the active sites of Co-based 
catalysts can be affected by boron doping. It is reported that the strain exerted on the crystal lattice of 
cobalt by boron directly arises from their chemical interaction involving electron transfer and 
hybridization of B2p states with the metal d orbitals. The lattice strain weakens the Co-Co bonds, 
diminishing the energy barrier for formation of the OOH intermediate during OER. In addition, the 
electron-enriched transition-metal sites observed in the XPS may contribute to improve the OER 
activities of the samples. Therefore, the outstanding OER performance of amorphous Co-Fe borides 
can be attributed to the large specific surface area and homogeneous boron distribution of the catalysts. 
 
Table 7-2. Summary of the mass normalized activities at η= 0.35 V (1.58 V vs. RHE) and Tafel 
slopes of the amorphous catalysts and the corresponding crystalline metal oxides. 
Sample Mass activity (A g-1) Tafel slope (mV dec-1) 
Co1Fe2-SPIN 1.5 112 
Co1Fe2-AMOR 47.1 84 
Co3Fe1-LDH 1.9 138 
Co3Fe1-AMOR 34.9 86 
Ni1Fe2-SPIN 6.5 130 
Ni1Fe2-AMOR 10.1 188 
Ni3Fe1-LDH 16.9 216 
Ni3Fe1-AMOR 50.9 110 
Ba5Sr5Co8Fe2-PERO 2.2 97 
Ba5Sr5Co8Fe2-AMOR 4.7 88 
La6Sr4Co2Fe8-PERO 1.9 116 
La6Sr4Co2Fe8-AMOR 3.7 88 
RuO2 14.2 93 
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Figure 7-4. OER activities and corresponding Tafel slopes of the amorphous samples and the 
corresponding crystalline metal oxides: activities (a) and Tafel slopes (b) of Co-Fe binary catalysts; 
activities (c) and Tafel slopes (d) of Ni-Fe binary catalysts; activities (e) and Tafel slopes (f) of 
quaternary catalysts. 
 
The OER current densities presented in Figure 7-4b also show that the amorphous Ni-Fe metal 
borides are more active for the OER than the corresponding crystalline metal oxides. The Ni3Fe1-
AMOR electrode achieved the highest mass normalized catalytic activity (50.9 A·g-1), which is 
greater than the activity of the benchmark RuO2 catalyst. In contrast to the Co-Fe metal borides, the 
Tafel slopes of the two amorphous Ni-Fe samples were quite different to each other: 110 mV dec-1 
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for Ni3Fe1-AMOR and 188 mV dec-1 for Ni1Fe2-AMOR. This results suggests that in Ni-Fe metal 
borides the nature of the active sites may change with an increase in the Fe content. For example, 
Friebel et al.[41] reported that Ni-Fe metal oxides undergo oxidation to a γ-Ni1-xFexOOH phase, 
where Fe3+ shows a significantly lower overpotential than Ni3+ in either γ-Ni1-xFexOOH or γ-NiOOH, 
being identified as highly active Fe sites for OER. However, Friebel et al.[41] demonstrated that as 
the Fe level rises above 25 %at., a γ-FeOOH phase containing either no or less than 3 at.% Ni 
nucleates, which is inefficient for water oxidation. Therefore, Ni1Fe2-AMOR with a Fe level above 
25 %at. showed a higher Tafel slope and a lower mass-normalized OER current density than Ni3Fe1-
AMOR due to the formation of γ-FeOOH phase.  
Figure 7-4c shows that although the amorphous Ba5Sr5Co8Fe2-AMOR and La6Sr4Co2Fe8-
AMOR samples did not match the activity of the RuO2 catalyst, these alkali earth based metal borides 
did have better activity than the corresponding crystalline perovskites. Since the quaternary samples 
contained large amounts of B and metal carbonates (see ICP-OES and XPS results) the overall 
catalytic activity can be reduced due to doping of these non-active compositions. The Tafel slopes of 
88 mV dec-1exhibited by the Ba5Sr5Co8Fe2-AMOR and La6Sr4Co2Fe8-AMOR were similar to the 
amorphous Co-Fe metal borides. Therefore, based on this result we postulate that the active phase in 
the Ba5Sr5Co8Fe2-AMOR and La6Sr4Co2Fe8-AMOR may also be composed of Co and Fe.  
It should be emphasized that recent studies reported multi-component metal materials as 
promising OER catalysts. Smith et al.[3] studied the amorphous metal oxide catalysts fabricated by 
photochemical degradation method for OER, and found the combination of 33 % Fe, 33 % Co and 
33 % Ni showed the best catalytic performance. Gerken et al.[42] found that Ni-Fe oxides containing 
a third metal (e.g. Al, Ga, Cr) emerged as highly effective OER catalysts. The latest high-throughput 
screening revealed that Ce doping may further increase the OER activity of the catalysts composed 
of Fe, Co and Ni.[43, 44] On the other hand, very recently, the amorphous cobalt boride prepared by 
chemical reduction method has been identified as promising OER catalysts which is superior to RuO2 
and IrO2.[23] This study focused on finding a facile route to fabricate and screen multi-component 
materials Although the quaternary samples were less active compared with the binary ones, the 
homogeneous and strictly controlled elemental distribution of the quaternary samples highlighted the 
unique benefit of chemical reduction method in preparing elaborate OER catalysts affords. 
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The catalytic parameters of all the samples were summarized in Table 7-2. Importantly, all 
the amorphous samples prepared via chemical reduction method compared favorably against the 
corresponding crystalline metal oxides, namely spinel, LDH and perovskite, all of which are 
promising structures for OER reported to date. This demonstrates chemical reduction method can be 
a simple and efficient approach to fabricate highly active OER catalysts. The sample Ni3Fe1-AMOR 
showed the best catalytic performance with an OER current density of 50.9 A g-1 at an overpotential 
of 0.35 V. Co3Fe1-AMOR (34.9 A g-1) and Co1Fe2-AMOR (47.1 A g-1) also exhibited outstanding 
OER activities which transcended that of the noble metal RuO2 (14.2 A g
-1) catalyst. Figure S7-6 
showed 10000 sec deactivation tests performed on the two most active samples Co1Fe2-AMOR and 
Ni3Fe1-AMOR under harsh anodic conditions (0.7 V vs Ag|AgCl in 0.1 M KOH solution), which 
indicated excellent stabilities of transition metal borides as OER catalysts. It is worthy to notify that 
the elemental compositions of the amorphous samples were strictly controlled as identical as those of 
the corresponding crystalline metal oxides, however, in practical application the compositions can be 
controlled arbitrarily and further optimized to improve their OER performance. In this study, we have 
demonstrated chemical reduction method as a simple and efficient approach to prepare highly active 
amorphous transition metal borides catalysts for OER with strictly controlled compositions. 
Therefore, it can be expected that new combinations of transition metal borides for electro water 
oxidation can be discovered via chemical reduction method. 
 
 7.5 Conclusions 
In conclusion, we demonstrated chemical reduction method as a facile and efficient approach 
to prepare amorphous transition-metal borides materials with strictly controlled elemental 
compositions for efficient water oxidation. The amorphous borides catalysts are featured by their 
large specific surface areas and electron-enriched transition-metal sites, and compared favorably 
against the corresponding crystalline metal oxides, namely spinel, LDH and perovskite, which have 
been reported as promising structures for OER. More importantly, three amorphous samples, Co1Fe2-
AMOR, Co3Fe1-AMOR and Ni3Fe1-AMOR exhibited outstanding OER activities, which 
transcended that of the state-of-the-art RuO2 catalysts. This indicates that efficient OER catalysts can 
be developed by using chemical reduction method. The homogeneous and strictly controlled 
elemental distributions of the amorphous borides were justified by further research into the synthesis 
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of quaternary samples (Ba-Sr-Co-Fe and La-Sr-Co-Fe). Since the elemental compositions of the 
amorphous borides can be tuned arbitrarily during the synthesis process, the catalytic performance 
can be further optimized and the discovery of new combinations of transition-metal borides as 
efficient OER catalysts can be expected.  
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Figure S7-1. Energy dispersive x-ray spectroscopy of the sample Co3Fe1-AMOR. 
 
 
 
Figure S7-2. Energy dispersive x-ray spectroscopy of the sample Ni3Fe1-AMOR. 
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Figure S7-3. Energy dispersive x-ray spectroscopy of the sample Ba5Sr5Co8Fe2-AMOR. 
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Figure S7-4. SEM images of the crystalline samples: Co1Fe2-SPIN (a), Ni1Fe2-SPIN (b), Co3Fe1-
LDH (c), Ni3Fe1-LDH (d), Ba5Sr5Co8Fe2-PERO (e) and La6Sr4Co2Fe8-PERO (f). All scale bars 
are 100 nm. 
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Figure S7-5. Comparison of the Tafel slopes of the amorphous catalysts and the corresponding 
crystalline metal oxides: Co-Fe binary catalysts (a), Ni-Fe binary catalysts (b) and quaternary 
catalysts (c). 
 
 
Figure S7-6. 10000 sec stability test of sample Co1Fe2-AMOR (a) and Ni3Fe1-AMOR (b) at an 
overpotential of 0.7 V vs Ag|AgCl in 0.1 M KOH solution. 
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Table S7-1. Elemental compositions determined by ICP-OES of the amorphous borides catalysts. 
Sample Atomic ratio of element (in total elements at. %)  
 
Co Ni Fe Ba Sr La B 
Co1Fe2-AMOR 23.1  46.7    30.2 
Co3Fe1-AMOR 54.1  18.5    27.4 
Ni1Fe2-AMOR  19.9 40.0    40.1 
Ni3Fe1-AMOR  45.3 16.2    38.5 
Ba5Sr5Co8Fe2-AMOR 13.1  3.3 8.0 8.3  67.3 
La6Sr4Co2Fe8-AMOR 4.2  16.7  6.6 10.2 62.3 
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Chapter 8 
Conclusions and 
Recommendations for 
Future Work 
 
 
 
 
 
 
 
8.1 Summary of the key findings of the thesis 
This thesis has examined methodologies to fabricate novel cost-effective OER catalysts based 
on 3d-orbital transition metals. The project started with the improvement of the benchmarking 
crystalline OER catalysts. Thereafter, systematic comparisons between crystalline and amorphous 
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catalysts revealed that amorphous structures favour the evolution of highly active metal oxyhydroxide 
phases under the anodic conditions of OER. Further investigation into the synthesis of amorphous 
catalysts for water oxidation identified amorphous metal borides as efficient OER catalysts. The 
experimental results also demonstrated chemical reduction method is a facile approach that can be 
used to prepare amorphous borides catalysts with accurately controlled elemental compositions. The 
key contributions of each research chapter are summarized below. 
A novel in-situ tetraethoxysilane (TEOS)-templating method was developed to prepare porous 
BSCF perovskites with hierarchical pore structures. The TEOS formed amorphous silica 
nanoparticles in a homogenous gel with the BSCF precursor and, when the silica was removed from 
the calcined BSCF, this template left 3–10 nm wide mesopores in the perovskite. The OER 
performance of BSCF samples can be significantly enhanced due to the introduction of pore systems 
into the bulk perovskite phase. The mass-normalized activities of the porous BSCFs reported here are 
comparable with the most active noble metal oxide catalysts. 
An evaporation-induced precipitation (EIP) process was used to prepare basic nickel carbonate 
particles for OER. The amorphous structure of these particles can be tuned by simply adjusting the 
H2O/Ni ratio in the precursor mixture. The basic nickel carbonate catalysts were highly amorphous 
featured by hierarchical pore structures. These amorphous catalysts exhibited mass-normalized 
current densities that compare favorably to state-of-the-art RuO2 catalysts. No activity loss was 
observed during a chronoamperometry test during 10 000 s, indicating outstanding stability of the 
basic nickel carbonate particles under harsh OER conditions. By comparing its performance to 
conventional crystalline β-Ni(OH)2 and NiOx synthesized by a similar system, we experimentally 
demonstrated that high OER activities can be achieved with amorphous phases. These results 
highlight amorphous catalysts as competitive candidates against crystalline catalysts for water 
oxidation. 
 Amorphous boron-doped Ni/Fe nano-chains were prepared using a magnetic-field-assisted 
chemical reduction method. Importantly, the synthesis can be performed via a one-step process at 
room temperature. Boron effectively reduced the magnetic moment of the product, resulting in a high 
specific surface area. The B-doped Fe/Ni nano-chain also exhibited highly amorphous structure and 
uniform elemental distribution that are favorable for OER catalysis, showing much higher activity 
than pure FCC Ni nano-chain. The mass-normalized current density of B-doped Fe/Ni nano-chain 
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catalysts compared favorably to the state-of-the-art OER catalysts, BSCF perovskite and Ru(IV) 
oxide, identifying amorphous metal borides as promising OER catalysts. 
 Chemical reduction method was extended to construct a series of amorphous metal borides as 
OER catalysts. The amorphous borides catalysts are featured by their large specific surface areas and 
electron-enriched transition-metal sites, and compared favorably against the corresponding 
crystalline metal oxides, namely spinel, LDH and perovskite, which have been reported as promising 
structures for OER. More importantly, three amorphous samples, Co1Fe2-AMOR, Co3Fe1-AMOR 
and Ni3Fe1-AMOR exhibited outstanding OER activities, which transcended that of the state-of-the-
art RuO2 catalysts. This indicates that efficient OER catalysts can be developed by using chemical 
reduction method. The homogeneous and strictly controlled elemental distributions of the amorphous 
borides were justified by further research into the synthesis of quaternary samples (Ba-Sr-Co-Fe and 
La-Sr-Co-Fe).  
 The catalytic parameters of the key samples in each chapter are listed in Table 8-1. 
 
Table 8-1. Comparison of the catalytic parameters of the key samples in each chapter. 
Catalyst Specific 
surface area 
(m2 g-1) 
Overpotential 
(V) 
Mass activity 
(A g-1) 
Tafel Slope 
(mV dec-1)a 
Chapter 
BSCF-X3.4 32.1 0.4 35.2 62 4 
2.5-Ni-Amor 135 0.35 51.1 60 5 
80Ni-20Fe-B-NC 73.4 0.35 64 40 6 
Co1Fe2-AMOR 232 0.35 47.1 84 7 
Ni3Fe1-AMOR 110.2 0.35 50.9 110 7 
 
8.2 Recommended future experiments 
The four key recommendations from this work for future experiments are: 
(1) In Chapter 4, the introduction of pore systems into the bulk phase of crystalline BSCF catalysts 
has proven to be effective to improve the OER catalytic performance. However, using the in-situ 
TEOS-template method, Si-containing impurities were observed in the obtained product. 
Therefore, studies of complete removal of these impurities should be carried out in the future 
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research. Ball milling can be applied to shatter the catalyst particles, and expose the Si-containing 
impurities to the alkaline treatment. Alternatively, carbon materials can be used as templates 
instead of TEOS, since they are inert in the synthesis precursor and can be completely removed 
during the sintering process. 
(2) The templating method can be combined with the EIP process reported in Chapter 5 to prepare 
amorphous Ni-based catalysts with novel structures. For example, Stöber silica particles could 
be used as hard templates to achieve hollow sphere structures, or surfactants such as P123, F127 
and CTAB could be used as soft templates to further increase the specific surface areas of the 
Ni-based catalysts Furthermore, doping the Ni-structure with Fe and Co could be another strategy 
to further improve the OER performance. This strategy has been proven effective for the Ni-
based catalysts prepared in other systems, such as photochemical decomposition and 
electrodeposition methods. 
(3) Chapter 6 and 7 demonstrated the chemical reduction method as a facile route to prepare 
amorphous metal boride catalysts. In future work, the chemical reduction method could be used 
in the high-throughput synthesis of amorphous borides to screen for the promising OER catalysts. 
The effectiveness of high-throughput synthesis was demonstrated by the discovery of an 
unpredicted composition of amorphous ternary metal oxides (Ni0.3Fe0.07Co0.2Ce0.43Ox) of 
exceptional OER activity. Hopefully, new composites based on amorphous borides can also be 
discovered for efficient water oxidation using this technique. 
(4) To study the phase transformation of crystalline catalysts to amorphous phase. Sodium 
borohydride solution can be used to treat the surface of the crystalline OER catalysts, such as 
spinels, layered double hydroxides and perovskites. The treatment will reduce the crystallinity 
and simultaneously incorporate boron into the surface of these catalysts. The concentration of 
the sodium borohydride solution, temperature and time for the treatment can be tuned to optimize 
the catalytic performance. In-situ techniques such as extended X-ray absorption fine structure 
(EXAFS) and X-ray absorption near edge structure (XANES) could be used to monitor the phase 
transformation and determine the active sites of the catalysts. This study will bridge the gap of 
understanding between amorphous and crystalline materials. 
 
 
